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As sessile organisms, plants must use molecular mechanisms to cope with stressors, such 
as NaCl stress. Protein Phosphatase 2A (PP2A) is a highly-conserved enzyme that regulates 
many processes including auxin transport, gravitropic responses, ABA responses, ionic stress 
responses, and microtubule organization. PP2A is a heterotrimer comprised of one scaffolding A 
subunit, one regulatory B subunit, and one catalytic C subunit. Roots of both the A subunit 
mutant a1rcn1 and the C subunit mutant c4 skewed when grown on vertically-oriented agar plates 
containing NaCl. Quantitation of cell file orientation in roots indicated that the root skewing 
phenotype was due to cell file rotation. Changes in cell shape are usually regulated by the 
cytoskeleton so microfilaments and microtubules were studied in depth. In wildtype seedlings, 
treatment with an actin polymerization inhibitor during NaCl stress weakly phenocopied the 
PP2A mutant phenotype with roots that skewed to the left and exhibited right-handed cell file 
rotation.  In the PP2A mutants, microfilament orientation, bundling, and organization were not 
correlated with the NaCl-induced root skewing phenotype. In contrast, in a1rcn1 and c4 seedlings 
experiencing NaCl stress, microtubules were remodeled into left-handed oblique arrays that are 
correlated with right-handed cell file rotation rather than the predominantly transverse arrays and 
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linear cell files in wildtype root cells. Drugs that either stabilize or destabilize microtubule arrays 
were used to investigate the relationship between PP2A, NaCl, and microtubule remodeling. In 
general, microtubule stabilization caused by taxol decreased the impact of NaCl stress on PP2A 
mutants, leading to less cell file rotation and root skewing. Conversely, propyzamide 
destabilization of microtubules increased remodeling in a manner similar to NaCl stress. In fact, 
propyzamide treatment in concert with NaCl resulted in root angle, cell file, and microtubule 
phenotypes that generally recapitulated the effect of salt stress alone. A few inconsistencies in 
the microtubule inhibitor experiments suggested that further experiments are warranted. The 
results indicate that the function of PP2A may be to stabilize microtubules under NaCl stress 
conditions since PP2A deficiency can be overcome using taxol. Future studies should investigate 
both cytoskeletal proteins as potential PP2A substrates and microtubule dynamics to gain a 







 Unlike motile organisms that can relocate, plants must use internal coping mechanisms 
when challenged by stressors. A common stressor in agricultural settings is high levels of sodium 
chloride (NaCl) in the soil. Irrigation of cultivated land tends to increase soil salinity and can 
result in decreased food production and, in extreme cases, soil infertility (Ondrasek et al., 2011; 
Pitman & Läuchli, 2002). Irrigated land produces approximately 36% of the world’s food and 
20% of this land is negatively impacted by salt stress (Chinnusamy et al., 2005). By 
understanding salt-stress responses employed by plants, insight into ways to ameliorate this 
problem may be gained.  
High saline environments inhibit growth, the cell cycle, and gravitropic responses 
(Burssens et al., 2000; Sun et al., 2008). For example, after transfer to medium containing NaCl 
(140 mM), roots experience a period of reduced growth for about 4-5 hours (Geng et al., 2013). 
Growth reduction is followed by a period of slow growth and finally growth recovery after 
approximately 24 hr, demonstrating the negative impacts of NaCl stress on root development. 
To avoid the impacts of NaCl stress, some plants display halotropism in which roots 
grow away from areas with high NaCl concentrations.  This root bending response requires 
redistribution of auxin (Galvan-Ampudia et al., 2013; Sun et al., 2008). Although halotropism is 
useful for concentrated and localized salt deposits, NaCl avoidance is not always feasible and the 
plant must acclimatize using its genetic resources if possible. The Salt Overly Sensitive (SOS) 
pathway regulates sodium ion concentrations via the activation of three proteins (SOS1, SOS2, 
and SOS3) that sense and export intracellular Na+  (Ji et al., 2013). SOS3, a plasma membrane-
 2 
associated calcium-binding protein, detects the increase in cytosolic Ca2+ that follows exposure 
to elevated Na+ concentrations (Knight et al., 1997).  Once activated, SOS3 binds to and activates 
the SOS2 kinase and the SOS2-SOS3 complex activates the plasma membrane Na+/H+ antiporter 
SOS1 by phosphorylation (Chinnusamy et al., 2005; Shi et al., 2002;	Qiu et al., 2002; Zhu et al., 
1998; Zhu, 2002). In addition to the SOS pathway, there are undoubtedly other as yet 
undiscovered mechanisms that work either independent of or in conjunction with SOS proteins 
to help plants acclimate to a high NaCl environment.  
  
1.1 Protein Phosphatase 2A 
Protein phosphoregulation is an essential post-translational modification for regulating 
protein function and is essential for signal transduction pathways including the activation of 
stress responses. In eukaryotes, reversible phosphorylation employs protein kinases to add 
phosphate moieties primarily to serine, threonine, or tyrosine residues and protein phosphatases 
to remove the phosphate groups. In plants, serine and threonine phosphorylation predominates.  
Protein Phosphatase 2A (PP2A) is a highly conserved and abundant enzyme found in all 
eukaryotes (Shi, 2009). PP2A dephosphorylates serine and threonine residues, regulating 
processes ranging from cell division to cell death (Janssens & Goris, 2001; Lillo et al., 2014). 
PP2A is a heterotrimeric protein with a scaffolding A subunit essential for trimer assembly, a 
regulatory B subunit responsible for substrate specificity, and a catalytic C subunit that is the site 
of substrate dephosphorylation (Figure 1).  
This study focuses on PP2A in Arabidopsis thaliana, a plant in the Brassicaceae, which 
also includes common crops like broccoli and radish (Koornneef & Meinke, 2010). Arabidopsis 
is an important botanical model organism known for its small size, high fecundity, rapid lifecycle  
 3 
 
Figure 1. Crystal structure of human protein phosphatase 2A complexed with microcystin (pink) 
(Xu et al., 2008) 
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(6-8 weeks), and compact, fully sequenced and annotated genome (Koornneef & Meinke, 2010; 
The Arabidopsis Genome Initiative, 2000). In A. thaliana, multiple genes encode each PP2A 
subunit. The A subunit is encoded by three genes (A1RCN1, A2, and A3) that produce three similar 
A subunits.  The A2 and A3 subunits are closely related with 93% amino acid sequence identity 
(Figure 2), while the A1RCN1 subunit has 85 or 87% amino acid sequence identity with the A2 
and A3 subunits, respectively. Seventeen genes encode B subunits, which are divided into three 
phylogenetically diverse families: B, B’, and B’’ (Janssens & Goris, 2001). The C subunits are 
encoded by five genes (C1, C2, C3, C4, and C5) in two subfamilies. Subfamily I contains the C1, 
C2 and C5 subunits (>79% identity) and subfamily II is comprised of the C3 and C4 subunits 
(98% identity; Figure 3; DeLong, 2006). Based on the number of genes encoding the A, B, and C 
subunits, in theory 255 distinct heterotrimers could exist, each with its own functionality.  
Although little is known about which specific subunits assemble to form functional PP2A 
complexes, genetic analysis indicates that each subunit likely has distinct roles in Arabidopsis 
(Lillo et al., 2014).  
PP2A subunits have been implicated in a variety of developmental and stress-associated 
pathways in plants. The A1 subunit is involved in auxin transport and distribution, gravitropic 
responses, organ elongation, ethylene synthesis, abscisic acid signaling, and ionic stress 
responses (Blakeslee et al., 2007; Deruere et al., 1999; Kwak et al., 2002; Larsen & Cancel, 
2003; Michniewicz et al., 2007; Muday et al., 2006; Rashotte et al., 2001; Skottke et al., 2011). 
The catalytic subunits, C3 and C4, also influence auxin distribution and transport (Ballesteros et 
al., 2013). Additionally, the C3 subunit has been implicated in controlling cell division patterns 
in primary roots (Yue et al., 2016). The C2 subunit mediates chloroplast movement during the 
light avoidance response by regulating microfilaments and also represses responses to ABA  
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Figure 2. Comparison of the Arabidopsis thaliana PP2A A subunit sequences. (A) Amino acid 
sequence alignment for A1RCN1, A2 and A3 subunits. Amino acid sequences were aligned using MUSCLE 
in the SEAVIEW program. Red: Nonpolar (A, F, I, L, M, P, V, and W); Blue: Polar (C, G, N, Q, S, T, 
and Y); Green: Basic (H, K, and R); Yellow: Acidic (D and E). (B) Maximum likelihood phylogenetic 




Figure 3. Comparison of the Arabidopsis thaliana PP2A C subunit sequences. (A) Amino acid 
sequence alignment for the C1, C2, C3, C4, and C5 subunits. Amino acid sequences were aligned using 
MUSCLE in the SEAVIEW program. (A, F, I, L, M, P, V, and W); Blue: Polar (C, G, N, Q, S, T, and Y); 
Green: Basic (H, K, and R); Yellow: Acidic (D and E). (B) Maximum likelihood phylogenetic tree of the 
five PP2A C subunits showing subfamilies I and II created using SEAVIEW.  
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(Pernas, 2007; Wen et al., 2012). Some of the PP2A B, B’, and B’’ subunits influence 
brassinosteroid signaling, nitrate reductase activation, defense mechanisms, and fatty acid 
oxidation (Lillo et al., 2014; Tang et al., 2011) and the TONNEAU2/FASS protein, a PP2A B’’ 
subunit, is necessary for development of cell morphology by regulating organization of both 
cortical microtubules and preprophase band (PPB) microtubules (Camilleri et al., 2002; Torres-
Ruiz & Jurgens, 1994). Clearly, PP2A is an essential phosphatase that is involved with an ever-
growing list of plant development and stress-related pathways.  
This work focused on the A1RCN1 and C4 genes in Arabidopsis. Knock-out mutants of 
these genes were produced by insertion of large pieces of foreign DNA (T-DNA) into the gene of 
interest (Alonso et al., 2003). The plant with a T-DNA-induced mutation in the A1RCN1 gene 
(At1g25490; SALK_059903) was originally identified in a mutant screen using an inhibitor of 
auxin transport, hence the name roots curl on naphthalamic acid 1 or rcn1 (Garbers et al., 1996).  
On standard growth medium (SM) on a vertically-oriented plate, roots of the a1-6rcn1-6 mutant 
are shorter than wildtype roots due to aberrant cell division patterns in the root meristem 
(Blakeslee et al., 2007), while roots of c4-1 (At3g58500; SALK_035009) seedlings are not 
distinguishable from wildtype seedlings (Ballesteros et al., 2013; Thompson, 2017; Waadt et al., 
2015; Wang, 2008; Figure 4). Hereafter, these mutants will be referred to as a1rcn1 and c4. 
Roots of a1rcn1 or c4 seedlings skew leftward when grown on the surface of medium 
supplemented with 75 mM NaCl (SM-NaCl) in vertically-oriented plates, while roots of wildtype 
plants grow almost straight (Thompson, 2017; Wang, 2008; Figure 4). a1rcn1 roots exhibit a 
stronger response than roots of c4 seedlings and often curl. This sodium-induced root skewing 
phenotype identified a new function for the A1RCN1 and C4 genes in regulating root growth under 
NaCl stress conditions. Cantharidin, a pharmacological inhibitor of PP2A activity (Honkanen,  
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Figure 4. NaCl-induced root skewing phenotype of PP2A a1rcn1 and c4 mutants. Three-day-old 
Arabidopsis seedlings were transferred to vertically-oriented plates containing SM (top row) or SM with 
75 mM NaCl (bottom row) with their root tips aligned at the grey arrowhead and grown for 7 days at 25° 




1993), also causes wildtype roots to skew in the presence of NaCl, suggesting that the root 
skewing phenotype is a result of a PP2A defect (Thompson, 2017; Wang, 2008). Ionic stress is 
the main trigger for root skewing, with osmotic stress playing only a minor role (Thompson, 
2017).  More specifically, the sodium ion is the critical factor because root skewing is also 
observed when seedlings are grown in the presence of other sodium-containing salts but not 
chloride-containing salts (Thompson, 2017).   
The similar phenotypes of a1rcn1 and c4 seedlings in response to NaCl could indicate that 
the A1 and C4 subunits function together in the same heterotrimer. Several lines of evidence 
support this idea. First, on NaCl-supplemented medium, the root phenotype of an a1xc4 double 
mutant is not more extreme than that of a1 or c4 single mutants, suggesting that A1 and C4 
subunits are involved in the same process (Thompson, 2017). Second, in reciprocal 
coimmunoprecipitation studies, A1 and C4 subunits are found in the same PP2A complex 
(Thompson, 2017). Third, association of C4 and A1 subunits was detected using bimolecular 
fluorescence complementation in Arabidopsis pavement cells (Waadt et al., 2015). 
 
1.2 Root cell shape and the cytoskeleton   
 During Arabidopsis root development, cell division occurs almost exclusively in root 
meristems. As root cells divide, elongate, and differentiate, they form neatly arranged columns or 
cell files (Figure 5A). Formation of cell files is a highly coordinated process. Cells in interphase 
exit the meristematic zone near the root tip where they have only a primary cell wall. The cells 
move through a transition zone where cells begin to elongate and then enter the elongation zone 
where they continue to lengthen in response to turgor pressure. In the elongation zone, the 
secondary cell wall is laid down. Deposition of cellulose microfibrils normally occurs transverse  
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Figure 5. Cell file orientations in Arabidopsis thaliana roots. Seedlings were grown on the surface of a 
vertically-oriented agar plate. (A) Linear cell files in a straight root. (B) Cell files of a bending 
gravistimulated root remain parallel to the root edges. (C) Cell files of a skewing root rotate around the 




to the long axis of the cell, which leads to anisotropic cell expansion. The long root cells that 
form the cell files arise in the elongation zone and their size and shape are finalized once the 
rigid secondary cell wall is completely formed. Most cell differentiation and functional 
specialization also occurs during this time. Once expansion ceases, cells enter the maturation 
zone and no further changes in cell shape are possible.   
 How does root skewing occur? A change in the direction of root growth on a two-
dimensional surface can be achieved by one of two mechanisms: differential cell elongation or 
cell file rotation. Differential cell elongation is most often seen in gravitropic responses and is 
driven by auxin, a plant hormone that regulates cell wall loosening (Petrasek & Friml, 2009). In 
roots, transport of auxin to one side of the root results in a localized decrease in cell expansion. 
Meanwhile, the cells on the other side of the root elongate due auxin depletion (Petrasek & 
Friml, 2009), creating a distinct bend or curvature in the root.  In differential elongation of root 
cells, the cell walls remain parallel to the long axis of the root (Figure 5B). Both the a1rcn1 and c4 
mutants retain the ability to bend in response to gravity and have normal auxin redistribution in 
response to gravistimulation, indicating that NaCl-induced root skewing is not due to abnormal 
auxin distribution (Bruell, Hunter, Thompson & Hrabak, unpublished observations). In contrast, 
during cell file rotation or helical growth, the cell walls are not parallel to the root's long axis; 
instead the cell files twist around the root axis (Smyth, 2016). When seedlings are grown on a 
two-dimensional surface like an agar-filled petri dish, cell file twisting in either the right-handed 
or left-handed direction results in the continuous reorientation of the root tip that directs root 
growth away from the vertical axis.  
Microtubules are important regulators of cell shape and impact cell file orientation and 
the direction of root growth. Microtubules are assembled from dimers of a-tubulin and b-tubulin. 
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In Arabidopsis thaliana, there are six isoforms of a-tubulin and nine of b-tubulin (Kopczak et 
al., 1992; Snustad et al., 1992). Cortical microtubules in elongating root cells lie adjacent to the 
cell membrane and organize independently from one another by a treadmilling mechanism (Dixit 
& Cyr, 2004). In the root elongation zone, microtubules are generally oriented perpendicular, or 
transverse, to the long axis of the cell (Landrein & Hamant, 2013).  By the time root cells reach 
the maturation zone, cortical microtubules have reoriented to be parallel to the long axis of the 
cell (Lloyd, 2011).  
 g-tubulin is not part of the main body of the microtubule but acts as a start site for 
microtubule nucleation (Pastuglia et al., 2006). Microtubules in a root cell that is transitioning 
into the elongation zone nucleate and branch from a g-tubulin complex protein (GCP) on a 
‘mother microtubule’ (Chan et al., 2009; Nakamura & Hashimoto, 2009). New microtubules 
forming from the GCP extend in a branched orientation and lengthen by the addition of tubulin 
a/b dimers (Breviario et al., 2013; Chan et al., 2009; Dixit & Cyr, 2004; Nakamura & 
Hashimoto, 2009). Once new microtubules have reached the appropriate length, they are severed 
by katanin and form unanchored, organized arrays (Dixit & Cyr, 2004).  
Microtubules play an important role in determining cell shape because cellulose synthase 
(CESA) tracks along cortical microtubules while producing the extracellular cellulose 
microfibrils that form a major part of the secondary cell wall (Green, 1980). Cellulose microfibril 
deposition starts early during cell elongation and once laid down, microfibrils cannot be re-
organized. Thus, as they are synthesized, the rigid cellulose microfibrils recapitulate the same 
orientation as the transverse microtubules in cells of the elongation zone. Because the direction 
of cell expansion determines cell shape (Smith & Oppenheimer, 2005), mature root cells 
normally have an elongated rectangular shape.  
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If the microtubules are disrupted during cell elongation, microtubule arrays with aberrant 
orientations may result upon reassembly and, because cellulose microfibrils will then be 
deposited in improper orientations, cell shape will be impacted (Dixit & Cyr, 2004). For 
example, obliquely-oriented cortical microtubules result in oblique microfibrils that change the 
axis of cell elongation leading to non-rectangular cell shapes (Weizbauer et al., 2011). Non-
rectangular cells form cell files that are no longer parallel to the long axis of the root, producing 
helical growth patterns.  Microtubule arrays can be left-handed, resulting in right-handed cell file 
rotation and leftward root skewing (when seedlings are viewed from the back of the plate), or 
right-handed, resulting in left-handed cell file rotation and rightward root skewing of seedlings 
grown on a vertically-oriented, two-dimensional surface (Roy & Bassham, 2014).  
Microtubules play a central role in determining cell shape.  Many Arabidopsis tubulin 
mutants exhibit both root skewing and cell file rotation phenotypes caused by altered 
microtubule orientations as a result of aberrant microtubule dynamics. Ishida and Hashimoto 
(2007) determined that the orientation of microtubules and thus the direction of root skewing was 
dependent on the specific mutation. lefty1 and lefty2 have identical point mutations in two 
different a-tubulin isoforms (a-tubulin4 and a-tubulin6, respectively), both of which result in 
left-handed cell file rotation and roots that skew to the right when viewed from the back of the 
plate (Thitamadee et al., 2002). A different amino acid substitution in a-tubulin4 (TUA4), also 
known as TORTIFOLIA2 (TOR2), results in right-handed helical growth (Buschmann et al., 
2009) and leftward root skewing.  
Helical growth patterns and skewed roots also occur as a result of mutations in 
microtubule-associated protein (MAP). MAPs impact microtubule formation, stability, and 
dynamics (Dixit & Cyr, 2004). For example, microtubule-associated proteins SPIRAL1(SPR1) 
 14 
and SPIRAL2 (SPR2) are regulators of microtubule orientation and their mutants have right-
handed cell file rotation and roots that skew to the left (Buschmann & Lloyd, 2008; Furutani et 
al., 2000; Nakajima et al., 2004; Sedbrook et al., 2004; Shoji et al., 2004). Microtubules in 
elongating root cells of spr1 and spr2 are obliquely oriented, rather than transverse, forming left-
handed helical arrays (Furutani et al., 2000).  
Root skewing and cell file rotation can be phenocopied by pharmacologically disrupting 
the cortical microtubule network. The microtubule depolymerizing drug propyzamide 
(pronamide) is a benzamide that binds to tubulin monomers, prevents the formation of new 
microtubules, and decreases microtubule dynamicity (Vaughan & Vaughn, 1987; Young & 
Lewandowski, 2000). In contrast, taxol (paclitaxel) promotes microtubule formation and 
stabilizes microtubules by directly interacting with tubulin polymers (De Brabander & Geuens, 
1981). When Arabidopsis roots are treated with either propyzamide or taxol, right-handed 
microtubule arrays predominate and roots have left-handed helical growth and skew to the right 
when viewed through the agar (Furutani et al., 2000; Ishida & Hashimoto, 2007; Nakamura et 
al., 2004).  
The specific contributions of actin to the development of root cell shape are far from 
understood. Like microtubules, actin microfilaments influence the localization of CESA but actin 
also mediates vesicular transport to the plasma membrane in elongating root cells (Baskin & 
Bivens, 1995; Hussey et al., 2006; Lei et al., 2014). For instance, the plasma membrane 
localization of auxin transporters, such as PIN1, PIN2, PIN3, and AUX1, is largely dependent on 
motor proteins that traffic the transporters along microfilaments (Dhonukshe et al., 2008; Friml 
et al., 2002; Geldner et al., 2001; Kleine-Vehn et al., 2006; Lanza et al., 2012; Nick, 2010). If 
actin polymerization is pharmacologically disrupted, both vesicular trafficking and auxin 
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transport are also inhibited (Dhonukshe et al., 2008). Likewise, if actin is disrupted by mutation, 
as in the actin2 mutant, localization of the PIN2 auxin transporter is affected (Lanza et al., 2012). 
Alterations in auxin transporter protein localization also impact cell expansion. For example, 
Arabidopsis mutants that under-express profilin, an actin binding protein, are smaller in size than 
wildtype with shorter roots and hypocotyls, while profilin over-expressors have longer roots 
(Ramachandran et al., 2000). Additionally, long-term treatment with the actin polymerization 
inhibitor Latrunculin B (LatB) results in plant dwarfism (Baluška et al., 2001).  
The relationship between microfilaments and auxin transport also indicates that actin 
microfilaments are essential for auxin-dependent gravitropic responses (Blancaflor, 2002; 2013). 
Microfilaments are involved in resetting gravity signals so that the signals are not additive (Hou 
et al., 2004). If microfilaments are disrupted by treatment of roots with LatB, an enhanced 
gravity response results (Morton et al., 2000; Hou et al., 2003), further supporting the idea that 
microfilaments are important for auxin-related processes. 
Some actin mutants, such as act7 and act2act7 double mutants, produce irregular root 
cell shapes suggesting that microfilaments not only play a role in cell expansion and root 
gravitropism but also the development of root cell shape (Gilliland et al., 2003; Kandasamy et 
al., 2009). The irregular cell shape phenotype is also characteristic of profilin under-expressors 
(Ramachandran et al., 2000).  
Although microtubules and microfilaments have discrete roles in cell development, the 
two have often been shown to be interconnected in both proximity and function. In elongating 
cells, the orientation of microfilaments in the cell cortex parallels the orientation of microtubules 
(Blancaflor, 2000; Smith, 2003) and instability in actin filaments leads to instability of 
microtubules and vice versa (Bannigan & Baskin, 2005; Kropf et al., 1998). Additionally, 
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treatment with the actin polymerization inhibitor LatB results in the reorientation of cortical 
microtubules from transverse to oblique (Blancaflor, 2000). An Arabidopsis kinesin-like 
calmodulin-binding protein (KCBP) binds to both microtubules and microfilaments and 
coordinates the cytoskeletal structures for proper anisotropic growth in trichomes, further 
underlining the fact that the two polymers are functionally interconnected (Tian et al., 2015). 
 
1.3 Effect of NaCl stress on the cytoskeleton 
The cytoskeleton not only plays important roles in cell elongation and cell shape, but is 
also involved in root responses to NaCl stress. Changes in expression and turnover of 
cytoskeletal proteins and cytoskeletal-associated proteins occur after salt exposure. Transcription 
of actin depolymerizing factors, b-tubulin5, and a-tubulin6 is up-regulated after salt exposure, 
while expression of b-tubulin2 and actin8 decreases (Geng et al., 2013; Jiang et al., 2007; Yan et 
al., 2005). These results indicate that specific cytoskeletal building blocks may be needed to 
accomplish the structural changes required to cope with NaCl stress. Proteins in the Salt Overly 
Sensitive (SOS) pathway have also been proposed to interact with both microfilaments and 
microtubules (Ji et al., 2013; Ye et al., 2013).  
 Although there is some direct evidence suggesting that the actin cytoskeleton is involved 
in the NaCl stress response, the exact mechanisms have not been discovered. When exposed to 
high NaCl concentrations, microfilaments respond dynamically and structurally with increased 
assembly and bundling, and prolonged NaCl exposure eventually results in microfilament 
depolymerization (Wang et al., 2010). Microfilaments are also aberrantly oriented under NaCl 
stress in the sos3 mutant, connecting microfilament orientation to the SOS pathway (Ye et al., 
2013).  
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 The role of the microtubule network in cell development under high NaCl conditions is 
well-studied and several examples are described below. After exposure to 100 mM NaCl, the 
cortical microtubule network in elongating cells depolymerizes and then repolymerizes into a 
network that is proposed to be better suited to cope with NaCl stress (Wang et al., 2007). The 
wildtype SPR1 microtubule plus-end-binding protein is rapidly degraded by the 26S proteasome 
following NaCl treatment and this aids in microtubule depolymerization (Wang et al., 2011). 
spr1 roots in the presence of NaCl stress became straight rather than skewed and are longer than 
wildtype roots (Shoji et al., 2006), highlighting the importance of rapid depolymerization and 
microtubule remodeling for the NaCl stress response.  
 Proteins in the cellulose synthase complex (CSC), Companion of Cellulose Synthase 1 
(CC1) and CC2, help promote the reconstruction of the microtubule network by preserving 
microtubule fragments at the plasma membrane that can act as nucleation start sites for 
repolymerization (Endler et al., 2015). cc1cc2 double mutants are salt sensitive and experience 
hypocotyl swelling and elongation defects when grown with NaCl stress (Endler et al., 2015). At 
very high NaCl concentrations (200 mM), microtubules in the hypocotyls of cc1cc2 mutants 
were unable to permanently re-form into a cortical microtubule network during NaCl exposure. 
Although these results pertain to hypocotyls, it would be expected that similar effects would be 
seen in roots.  
Microtubule-associated proteins (MAPs) enhance both microtubule stability and 
dynamics, making MAPs key players in microtubule remodeling following salt stress. MAPs 
influence dynamics with their ability to quickly detach from microtubules. For example, 
Arabidopsis MAP65-1 increases microtubule stability by acting as a cross-bridge between 
tubulin monomers thus leading to increased bundling (Zhang et al., 2012). Cross bridging can be 
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rapidly reversed by dephosphorylation and since only dephosphorylated MAP65-1 binds to 
microtubules, the coordinated action of kinases and phosphatases permits pinpoint control of 
microtubule dynamics (Smertenko et al., 2006). The phosphatase that acts on MAP65-1 is 
currently unknown. Microtubules in hypocotyls of map65-1 seedlings were primarily transverse 
or slightly oblique in orientation (Lucas et al., 2012). However, mutations in phospholipase Da-
1, an enzyme that activates MAP65-1, cause disorganized microtubules under NaCl stress 
because MAP65-1 activity is not initiated (Zhang et al., 2012). Although MAP65-1 does not 
have large effects on microtubule arrangement under non-stress condition, it contributes to 
microtubule stability after NaCl exposure (Lucas et al., 2012; Zhang et al., 2012). If the 
cytoskeleton is disrupted with high NaCl concentrations and MAP65-1 is not present or not 
dephosphorylated, then irregular cytoskeletal arrangements may occur. 
A number of cytoskeletal proteins and some of the accessory proteins required for salt 
tolerance are regulated by reversible phosphorylation. a-tubulin is phosphorylated in response to 
NaCl-induced osmotic stress (Ban et al., 2013), but both a- and b-tubulin can be phosphorylated 
(Breviario et al., 2013; MacRae, 1997). Only one kinase that acts on tubulin under NaCl stress 
has been identified. Propyzamide-Hypersensitive-1 (PHS1) is a mitogen-activated protein kinase 
phosphatase that, under normal growth conditions, dephosphorylates MAPK18 (Fujita et al., 
2013). With an increase in NaCl concentration, PHS1 functions as a kinase that phosphorylates 
a-tubulin and prevents its incorporation into microtubules (Fujita et al., 2013). Thus, the addition 
of a phosphate moiety to tubulin contributes to depolymerization of the cortical microtubule 
network and is likely necessary for acclimation to NaCl stress. Dephosphorylation of a-tubulin is 
likely required to repolymerize the cortical cytoskeleton after NaCl-induced catastrophe but 
phosphatases that act on tubulin are currently unknown. 
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1.4 PP2A subunits in the cytoskeleton and salt stress response 
The PP2A B" subunit TON2/FASS localizes to and regulates cortical microtubules in 
interphase cells (Camilleri et al., 2002; Spinner et al., 2013). TON2/FASS also influences the 
reorganization of cortical microtubule arrays after blue light stimulation (Kirik et al., 2012). 
TON2/FASS also regulates microtubule nucleation, encouraging the branching nucleation 
geometry that ultimately results in transverse microtubule arrays (Kirik et al., 2012). In the 
ton2/fass mutant, the orientation of newly-formed cortical microtubules is more often parallel 
rather than branched and the plus-ends of the microtubules are not as stable as in wildtype (Kirik 
et al., 2012). While one cannot be sure that TON2/FASS is always functioning as part of a PP2A 
heterotrimer, when TON2/FASS was immunoprecipitated, it was found in complexes containing 
PP2A C3 and C4 subunits (Spinner et al., 2013). Together, these results indicate that PP2A likely 
regulates cortical microtubule orientation (Kirik et al., 2012). 
The phenotypes of the a1rcn1, c4 and ton2/fass mutants indicate that PP2A could be a 
phosphatase that directly or indirectly regulates the cytoskeleton. PP2A heterotrimers containing 
one or more of these subunits might dephosphorylate tubulin, perhaps after PSH1 or other 
kinases phosphorylates it. The role of TON2/FASS in microtubule nucleation suggests that PP2A 
heterotrimers containing this B subunit, perhaps along with A1 and C4 subunits, might maintain 
transverse microtubule arrays as roots respond to NaCl stress. Alternatively, PP2A's impact on 
the cytoskeleton may occur via dephosphorylation of microtubule-associated proteins, such as 
MAP65.  
The goal of this research is to further understand the role that the A1RCN1 and C4 subunits 




Based on the known and hypothesized interconnections between PP2A, the cytoskeleton, 
salt stress, and root growth, I propose five hypotheses that will be tested to better understand 
these relationships.  
Hypothesis I.  Seedlings with root skewing or curling phenotypes have greater root cell file 
rotation than seedlings with straight roots. 
Hypothesis II.  If PP2A interacts with actin during the root response to NaCl stress, then 
inhibiting actin polymerization will phenocopy the sodium-induced root skewing phenotype in 
wildtype seedlings. 
Hypothesis III.  NaCl stress alters microfilament bundling and orientation in roots of PP2A 
mutants compared to wildtype or non-stressed mutant seedlings. 
Hypothesis IV.  Drugs that influence microtubule stability affect the ability of roots of PP2A 
mutants to respond to NaCl stress. 
Hypothesis V.  Microtubule orientation is altered in PP2A mutants grown under NaCl stress and 







2.1 Cell file rotation in PP2A mutants exposed to NaCl stress  
 To test Hypothesis I that root skewing is a result of cell file rotation, three-day-old 
wildtype and PP2A a1rcn1 and c4 seedlings were transferred to salt stress (SM-NaCl) or non-
stress (SM) conditions in Petri plates and the plates were oriented vertically. As the roots grew 
down the surface of the agar, the location of the root tip was marked every 24 hours for 96 hours. 
Eight-day-old seedling roots were imaged between the point of transfer and the 96 hour mark to 
visualize the cell files. Multiple measurements of both root angle and cell file angle were made at 
evenly-spaced intervals. Five roots were analyzed for each genotype.  
 Roots of wildtype seedlings grown without NaCl stress slanted slightly to the right and 
cell file rotation was detected only intermittently throughout the length of the root (Figure 6). In 
contrast, a1rcn1 seedlings transferred to SM slanted slightly to the left (Figure 6). Similar to 
wildtype roots, cell file rotation in these a1rcn1 seedlings was negligible. Roots of c4 seedlings 
without NaCl stress were straight, again with little cell file rotation (Figure 6). Overall, in the 
absence of NaCl stress, roots of seedlings were relatively straight and exhibited only small 
values of cell file rotation that reflected the natural deviations that occur during growth.  
 When wildtype seedlings were grown under NaCl stress (i.e., transferred to SM-NaCl), 
the roots exhibited greater deviations from vertical during growth than unstressed roots but were 
still relatively straight (Figure 6). Under the same conditions, roots of a1rcn1 and c4 seedlings 
skewed strongly to the left with large values for root angle observed almost continuously 
throughout the length of the root. When seedlings are viewed through the back of the plate,  
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Figure 6. Root angle and root cell file angle. Representative images of wildtype, a1rcn1, and c4 seedlings 
on standard medium (SM; top row) or SM supplemented with 75 mM NaCl (SM-NaCl; bottom row). 
Three-day-old seedlings were placed on plates with their root tips at the point of transfer (è) and grown 
for 5 more days. (●) indicates root tip location at 24-hour intervals. Root angle and cell file rotation 
measurements were evenly spaced throughout the root from 1 to 96 hours post-transfer. Data were 
graphed as described by Mochuzuki et al. (2005). Positive values indicate leftward skewing and right-
handed cell file rotation; negative values indicate rightward skewing and left-handed cell file rotation. 




leftward root skewing correlates with right-handed cell file rotation (Hashimoto, 2002). As 
previously documented in waving roots (Mochizuki et al., 2005), changes in cell file rotation 
preceded alterations in the direction of root growth.  
 Growth of seedlings on a two-dimensional agar surface was useful because it enabled 
identification of cell file rotation as the most likely cause of root skewing in a1rcn1 and c4 
seedlings. It was expected that cell file rotation would be maintained even if roots were not 
constrained to a flat surface, although skewing would not occur because it is an artifact of root 
growth on a relatively solid surface. To test this prediction, seeds were germinated in a thick 
layer of agar medium so that the roots would penetrate and be surrounded by the agar as they 
grew. Whether the medium contained NaCl or not, roots of wildtype and mutant seedlings grew 
straight through the agar medium (not shown) but in medium supplemented with NaCl, the roots 
of PP2A mutant seedlings retained the characteristic cell file rotation (Figure 7). 
Cell file rotation is caused by changes in cell shape, which indicates that root skewing is 
likely due to cytoskeletal perturbations that ultimately affect the deposition of cell wall material 
during cell expansion. The possibility that altered auxin distribution or auxin-related processes 
play a major role in the root skewing phenotype can be ruled out because cell file rotation does 
not occur during auxin-mediated root bending (Figure 5). 
 
2.2 Response of seedlings to an actin polymerization inhibitor 
 Latrunculin B (LatB) is an actin polymerization inhibitor that binds directly to actin 
monomers, thereby preventing their polymerization into microfilaments (Morton et al., 2000). To 




Figure 7. Cell files of roots grown through agar medium. Cell files of roots grown through agar 
medium without (top row) or with (bottom row) 75 mM NaCl supplementation. Cell files in roots of 





 grown on SM or SM-NaCl with and without 0.05 µM LatB for 7 days. Root angle and root 
length were measured from the point of transfer to the root tip. 
 Roots of wildtype seedlings grown on SM with or without LatB were generally straight 
(Figure 8A & 9A, Table 1). NaCl stress had little effect on wildtype roots but, in conjunction 
with LatB, leftward root skewing and intermittent right-handed cell file rotation were observed 
(Figure 8). Quantitatively, the leftward skew of wildtype roots on SM-NaCl with LatB was not 
significantly different from c4 roots on SM-NaCl (Figure 9A, Table 1), indicating that the c4 
mutation may interfere with polymerization of actin monomers under NaCl stress; however, 
qualitatively LatB-treated wildtype roots had more bends and kinks than the c4 mutant and did 
not precisely phenocopy the mutant's sodium-induced root skewing phenotype (Figure 8A).  
 The effect of LatB on the PP2A mutants was tested next. If intact microfilaments are 
important for coping with NaCl stress and the effect of the PP2A mutations is to disrupt 
microfilament stability, then it was expected that treatment with LatB would not significantly 
alter the root skewing response in the mutants because both the mutation and drug have the same 
effect. Roots of a1rcn1 seedlings skewed significantly less in the presence of both NaCl and LatB 
compared to NaCl stress alone, while roots of c4 seedlings skewed significantly more on SM-
NaCl plus LatB than without LatB. These results show that LatB had inconsistent effects on the 
PP2A mutants. One interpretation of this result is that microfilaments and PP2A are not working 
in the same pathway during the NaCl stress response. 
The leftward skewing and right-handed cell file rotation of wildtype roots induced by 
treatment with both NaCl and LatB indicates that microfilaments do influence cell shape under 
NaCl stress. Despite significant changes in root angle observed in the PP2A mutants treated with 
LatB and under NaCl stress compared to NaCl stress alone, the mutant roots maintained a  
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Figure 8. Effect of the actin polymerization inhibitor, latrunculin B (LatB), on root growth under 
NaCl stress. (A) Wildtype, a1rcn1, and c4 seedlings were transferred to SM or SM-NaCl with or without 
0.05 𝜇M LatB treatment. Three-day-old seedling root tips were placed on plates at the point of transfer 






Figure 9. The effect of the actin polymerization inhibitor, latrunculin B (LatB), on root growth 
under NaCl stress. Three-day-old seedlings were transferred to SM or SM containing 75 mM NaCl (SM-
NaCl) in the presence or absence of 0.05 𝜇M Latrunculin B (LatB) and grown for five more days. (A) 
Using ImageJ, root angle was measured from the point of transfer (see Figure 8) to the root tip. Negative 
values indicate that roots skewed to the left. (B) Root length was measured from the point of transfer to 
the root tip. Mean root angle and length were compared using an all against all, Student’s t test (p=0.05). 
n = 23-37.  
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Table 1. Mean root angle and length of seedlings treated with Latrunculin B. Roots of wildtype, 
a1rcn1, and c4 seedlings grown on SM or SM-NaCl were treated with and without 0.05 𝜇M Latrunculin B. 
Root angle and length were measured using ImageJ. 
	






SM 0 15.1 5.2 
SM 0.05 8.5 5.0 
SM-NaCl 0 -10.9 4.1 
SM-NaCl 0.05 -62.9 2.6 
a1rcn1 
SM 0 -4.9 4.0 
SM 0.05 -6.3 3.7 
SM-NaCl 0 -275.8 2.3 
SM-NaCl 0.05 -191.2 2.0 
c4 
SM 0 9.6 5.0 
SM 0.05 1.7 4.8 
SM-NaCl 0 -80.1 3.3 
SM-NaCl 0.05 -171.2 2.2 
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leftward skew with the addition of LatB. These results suggest that microfilament instability may 
contribute to the NaCl-induced root skewing phenotype of the PP2A mutants. 
Root length was measured to determine how LatB affected root development, since it 
could be difficult to observe skewing in short roots. LatB did not significantly alter root length in 
non-NaCl-stressed seedlings; however, when any genotype was transferred to SM-NaCl, with or 
without LatB treatment, its roots were always significantly shorter than the unstressed seedlings 
(Figure 9B, Table 1). It was unexpected that roots of a1rcn1 were not significantly shorter when 
exposed to NaCl stress and LatB as opposed to NaCl stress alone. a1rcn1 does have a known root 
meristem defect (Blakeslee et al., 2007) and this may affect its ability to cope with multiple 
stresses. Both wildtype and c4 roots were significantly shorter on SM-NaCl with LatB than 
without, suggesting that actin polymerization is important for cell elongation under NaCl stress. 
This makes sense in light of the role of microfilaments in regulating auxin transport because 
auxin plays a critical role in cell expansion (Petrasek & Friml, 2009), although it is unclear why 
LatB didn't have a similar effect in the absence of NaCl stress.   
 
2.3 Role of microfilament orientation and bundling in the NaCl-induced root skewing phenotype 
 Changes in microfilament orientation and bundling during salt stress may contribute to 
NaCl-induced root skewing, so microfilaments were localized. These cytoskeletal elements were 
visualized in elongating cells in the transition zone (Figure 10), the area of the root where cell 
shape is determined. Microfilaments in wildtype, a1rcn1, and c4 seedlings exposed to NaCl stress 
for 1 or 24 hours were visualized using phalloidin-conjugated AlexaFluor-488. Phalloidin binds 
primarily to actin that is assembled into microfilaments (Vandekerckhove et al., 1985). Both 
short and long NaCl exposures were used to determine whether changes in the cytoskeletal  
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Figure 10. Representative images of microfilaments in elongating root cells. Seedlings were 
transferred to SM or SM-NaCl for 1 or 24 hours. Microfilaments were detected with AlexaFluor-488 and 
imaged using a confocal laser scanning microscope.  Cells are different sizes because in the elongation 
zone cells expand at different rates. Scale bar = 10 𝜇m.  
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response could be detected. The 1 hour treatment can also reveal changes due to the transfer 
process itself (Geng et al., 2013). Fluorescent density quantitation was initially used to detect 
microfilament bundling. However, the fluorescent density of cells imaged on different days were 
drastically different from one another and were not reproducible so this parameter was not used 
for assessment. Instead, average fibril orientation, spatial skew, and anisotropy were quantified 
to estimate microfilament orientation, bundling, and organization, respectively. These parameters 
are commonly measured to assess microfilament attributes although it is not entirely certain how 
changes will impact cell shape. Patterns between microfilament characteristics, root skewing, 
and NaCl stress were assessed to determine correlations.  
 The 1 and 24 hr exposure times for each genotype and treatment were compared first.  
Average fibril orientation can range from 0-90°, with 0° representing longitudinal 
microfilaments (i.e., oriented parallel to the axis of cell elongation) and 90° representing 
transversely-oriented microfilaments. Roots of wildtype seedlings transferred to either media had 
significantly greater average fibril angles at 1 hr compared to 24 hr (Table 2; Figure 11A). 
Microfilaments in elongating root cells are expected to be longitudinally oriented (Blancaflor, 
2002, Geng et al., 2013), suggesting that, since the more transverse orientation observed at 1 hr 
post-transfer was independent of the type of medium, the changes could be a result of physical 
manipulation of the seedlings.  
In roots of a1rcn1 seedlings, the average filament angle also showed significant 
differences between the 1 hr and 24 hr time points.  At 1 hr post-transfer to either medium, 
average fibril angles were more transverse than at the 24 hr time point (Table 2; Figure 11A), 
similar to the effect observed in wildtype roots. The same pattern was observed in roots of c4 
seedlings exposed to salt stress but not for seedlings transferred to non-stress conditions.  
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Figure 11. Microfilament orientation, bundling, and organization in root cells. Seedlings were 
transferred to SM or SM containing 75 mM NaCl (NaCl) for 1 or 24 hr. Microfilaments were detected in 
elongating root cells using AlexaFluor-488-Phalloidin and visualized on a confocal microscope. The 
means of the average angle, spatial skew, and anisotropy from Table 1 were compared statistically for 
each genotype (all-against-all, Student’s t, p=0.05). (A) average angle. 0°=longitudinal, 90°=transverse; 
(B) spatial skew. Larger values indicate increased bundling; (C) anisotropy.  0 = disorganized filaments, 1 
= parallel filaments.  n = 19-45.  
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Table 2. Quantitation of microfilament characteristics. The average angle, spatial skew, and 
anisotropy of microfilaments in root cells were quantitated. Roots of wildtype, a1rcn1, and c4 seedlings 
were transferred to either SM or SM-NaCl for 1 or 24 hr and microfilament attributes were analyzed 
using ImageJ and the ImageJ macro, FibrilTool. 
Genotype Treatment Hours post-transfer 
Average 
Angle (°) Spatial Skew Anisotropy 
Wildtype 
SM 1 35.8 1.2 0.049 
SM-NaCl 1 52.3 1.3 0.053 
SM 24 27.7 1.7 0.064 
SM-NaCl 24 22.3 1.5 0.078 
a1rcn1 
SM 1 63.6 1.8 0.052 
SM-NaCl 1 59.4 1.4 0.039 
SM 24 41.0 1.9 0.058 
SM-NaCl 24 35.3 1.7 0.039 
c4 
SM 1 33.0 1.7 0.052 
SM-NaCl 1 48.9 1.6 0.051 
SM 24 35.2 2.2 0.067 
SM-NaCl 24 21.9 2.2 0.066 
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It is unknown why root cells of c4 mutant seedlings transferred to non-stressful conditions do not 
follow the same pattern between 1 and 24 hours that is observed in wildtype and a1 mutant roots.  
However, there is a large amount of variability in the data so sample size may contribute to the 
lack of correlation.  
 Spatial skew was estimated by measuring fluorescent signal aggregation; larger values 
indicate increased bundling. After transfer of wildtype seedlings to non-stressful conditions for 
24 hr, the spatial skew of the microfilaments was significantly greater than at 1 hr post-transfer, 
indicating that an immediate effect of physically manipulating the seedlings may be a decrease in 
bundling (Table 2; Figure 11B) followed by a return to higher levels of bundling. An increase in 
spatial skew values was observed for all genotypes and treatments although the effect was not 
always statistically significant.  There was no obvious correlation with bundling and NaCl stress 
treatment. 
 Anisotropy values range from 0-1, with 1 representing microfilaments that are perfectly 
organized in parallel with each other and 0 indicating a completely random orientation of 
filaments. All values of anisotropy were close to 0 and were not significantly different with 
regard to either time after transfer or medium, indicating a random organization of filaments 
throughout the experiment (Table 2; Figure 11C).  
 Significant differences between 1 and 24 hr post-transfer for average angle and spatial 
skew suggested that microfilaments undergo changes in bundling and orientation simply due to 
the process of being physically manipulated. Thus, the data were rearranged to more easily detect 
differences in microfilament characteristics between genotypes and media at each time point 
(Figure 12). The average microfilament angle in roots of both wildtype and c4 seedlings at 1 hr 
post-transfer was significantly less under non-stress conditions than under NaCl stress  	
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Figure 12. Microfilament orientation, bundling, and organization in root cells. Seedlings were 
transferred to SM or SM-NaCl (NaCl) for 1 or 24 hr. The means of average angle, spatial skew, and 
anisotropy from Figure 11 were compared statistically (Student’s t, p=0.05) across genotypes and medium 
at each time point. (A) average angle. 0°=longitudinal, 90°=transverse; (B) spatial skew. Larger values 
indicate increased bundling; (C) anisotropy.  0=disorganized filaments, 1=parallel filaments.  n = 19-45.  
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 (Table 2; Figure 12A), indicating that NaCl stress resulted in microfilaments that were more 
transverse than longitudinal. Unexpectedly, microfilaments in roots of a1rcn1 seedlings 
transferred to either medium for 1 hr had similar orientations suggesting, roots of a1rcn1 seedlings 
did not respond to NaCl stress in the same way as wildtype and c4 seedlings (Table 2; Figure 
12A). Microfilaments in roots of the PP2A mutants that were transferred to standard growth 
medium for 24 hr favored a transverse orientation but when exposed to NaCl stress, the 
microfilaments were more longitudinally oriented. This suggests that the PP2A mutations did not 
hinder the ability to maintain the expected longitudinal microfilament orientation 24 hours after 
transfer to SM-NaCl.  
 After 1 hr, microfilaments in the PP2A mutant seedlings exhibited significantly more 
bundling under standard growth conditions compared to wildtype seedlings (Table 2; Figure 
12B). Treatment with NaCl for 1 hour resulted in levels of microfilament bundling that were not 
significantly different for PP2A mutant seedlings compared to wildtype seedlings (Table 2; 
Figure 12B).  One interpretation is that increased bundling in the mutants resulting from the 
transfer process is reversed by NaCl, however, this trend did not continue 24 hr after transfer. 
Microfilaments in roots of c4 seedlings on both media were more bundled than other genotypes 
or conditions (Table 2; Figure 12B) but a1rcn1 seedlings were not different from wildtype. 
Therefore, it is unexpected that c4 mutant seedlings transferred to either medium would be 
similar and that a1rcn1 seedlings transferred to NaCl stressful conditions are not different from 
wildtype seedlings. Microfilament bundling was not consistent with the NaCl-induced phenotype 
and did not suggest a correlation between microfilaments, PP2A, and NaCl-stress.  
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 The only significant difference with regard to anisotropy was that a1rcn1 microfilaments 
were consistently more disorganized than the other genotypes during NaCl stress. However, 
filaments are generally disorganized in roots of all seedlings, with values very close to 0.  
 Although differences in microfilament characteristics were detected between genotypes 
and media, the relationships did not correlate with the cell file rotation and NaCl-induced root 
skewing phenotypes of a1rcn1 and c4 seedlings. In fact, after NaCl exposure, microfilament 
characteristics in roots of PP2A mutant seedlings were usually not significantly different than 
those of wildtype seedlings. If microfilaments were important in the NaCl-induced root skewing 
phenotype of PP2A mutants then microfilaments in a1rcn1 and c4 seedlings should be different 
from wildtype seedlings. Changes in the microfilament cytoskeleton did not correlate with the 
root skewing phenotype indicating that microfilaments are not essential players in the PP2A 
NaCl-stress response pathway. 
 
2.4 Microtubule instability contributes to the NaCl-induced PP2A mutant root skewing 
phenotype 
Since organization of the microfilament cytoskeleton was not correlated with the PP2A 
mutant phenotype, it was hypothesized that PP2A might regulate microtubule stability under 
NaCl stress. After NaCl exposure, the microtubule network is known to remodel, possibly to 
form a network that is better suited to cope with NaCl stress (Wang et al., 2007). Microtubule 
depolymerization is facilitated by tubulin phosphorylation and degradation of microtubule 
associated proteins such as SPR1 (Fujita et al., 2013; Wang et al., 2011).  
To reassemble the microtubule network, microtubules must nucleate and reassemble 
themselves. PP2A may regulate microtubule nucleation or assembly into a correctly oriented 
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microtubule network during the NaCl stress response. Microtubule associated proteins likely also 
affect the stability and orientation of the cortical microtubule network in elongating root cells 
and represent other potential targets of regulation by PP2A. As a result, in PP2A mutants or upon 
exposure to drugs that influence microtubule stability, the microtubule remodeling that follows 
salt stress may be altered and the microtubule network may reform in a non-transverse or oblique 
orientation.  
To assess the role of microtubules in the NaCl-induced root skewing phenotype of the 
PP2A mutants, wildtype, a1rcn1, and c4 seedlings were transferred to SM or SM-NaCl with or 
without the inhibitors taxol (paclitaxel) or propyzamide (pronamide). After 7 days, root length 
and root angle were measured.  
 Taxol directly binds to microtubules and stabilizes them by inhibiting microtubule 
depolymerization (Schiff & Horwitz, 1980). As previously reported (Furutani et al., 2000), roots 
of wildtype seedlings in the presence of taxol skewed to the right when viewed through the back 
of the plate and had left-handed cell file rotation (Figure 13). All roots grown on medium with 
taxol were significantly shorter compared to roots of the same genotype with no taxol treatment 
(Figure 14B). However, the taxol-treated roots were not so short that they hindered accurate 
measurement of root angle.  
In keeping with Furutani et al. (2000), without salt stress, roots of a1rcn1 and c4 seedlings 
with taxol skewed to the right with left-handed cell file rotation, indicating that taxol alone 
affected all genotypes similarly (Figures 13A & 14A). However, the combination of taxol and 
NaCl had different effects on the PP2A mutants compared to wildtype. In all cases, the angle of 
root skewing decreased but roots of a1rcn1 and c4 seedlings were significantly less skewed than 
roots of wildtype seedlings (Table 3; Figure 13A & 14A). Since taxol stabilizes microtubules, it  
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Figure 13. The effect of the microtubule-stabilizing drug, taxol, and NaCl stress on root growth. 
Root tips of three-day-old seedlings were aligned at the point of transfer (è) and plants were grown for 5 
more days.  (A) Wildtype, a1rcn1, and c4 seedlings were transferred to SM or SM-NaCl with or without 1 𝜇M taxol. (B) Cell files in roots of seedlings treated with 1 𝜇M taxol.   
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Figure 14. Quantitation of length and angle of roots of seedlings treated with NaCl and taxol. Means 
from Figure 12 were statistically compared (Student’s t, p=0.05) across all conditions. (A) root angle; (B) 
root length.  n = 29-47 
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Table 3. Mean root angle and length of seedlings treated with taxol. Wildtype, a1rcn1, and c4 seedlings 
were transferred to SM or SM-NaCl with or without taxol (1 𝜇M) treatment. Root angle and length were 
measured using ImageJ. 
	






SM 0 13.0 3.2 
SM 1 62.9 2.6 
SM-NaCl 0 -6.6 2.5 
SM-NaCl 1 31.8 2.0 
a1rcn1 
SM 0 -5.2 3.3 
SM 1 56.1 2.5 
SM-NaCl 0 -77.5 2.8 
SM-NaCl 1 2.6 2.1 
c4 
SM 0 3.8 3.4 
SM 1 75.9 2.5 
SM-NaCl 0 -60.7 3.3 
SM-NaCl 1 6.5 2.8 
	 	
 42 
may make them more resistant to the depolymerization caused by NaCl. In support of this 
hypothesis, roots and cell files of a1rcn1 and c4 mutant seedlings were relatively straight when 
transferred to SM-NaCl with taxol (Figure 13). It appears that the additional microtubule stability 
provided by taxol partially rescues the NaCl-induced root skewing phenotype of the PP2A 
mutants, indicating that a normal function of PP2A heterotrimers containing A1RCN1 and/or C4 
subunits may be to stabilize microtubules under NaCl stress. Another interpretation is that PP2A 
is required for optimal microtubule polymerization and remodeling after NaCl stress. In the 
presence of taxol, which stabilizes the existing arrays, PP2A mutant seedlings exposed to NaCl 
stress are able to only partially remodel their microtubules which resulted in a phenotype 
intermediate between the rightward root skewing phenotype caused by taxol and the leftward 
skewing phenotype induced by NaCl stress. For wildtype seedlings where roots are unaffected by 
NaCl stress but skew to the right in response to taxol, the combined exposure to both NaCl and 
taxol again results in an intermediate phenotype. 
 Propyzamide, a benzamide, promotes microtubule depolymerization and prevents 
polymerization of tubulin monomers into microtubules by binding directly to tubulin subunits 
(Furutani et al., 2000; Vaughan & Vaughn, 1987). A different benzamide, RH-4032, binds 
directly to b-tubulin (Young & Lewandowski, 2000), so it is likely that propyzamide also binds 
to b-tubulin rather than a-tubulin. As with taxol, the effect of propyzamide was to cause 
significant rightward root skewing and left-handed cell file rotation in both wildtype and PP2A 
mutant seedlings (Furutani et al., 2000; Figure 15 & 16A; Table 4). Strikingly, the response of 
seedlings of all three genotypes to both propyzamide and NaCl resembled the response to NaCl 
stress alone. Wildtype roots were almost straight with little cell file rotation and roots of a1rcn1 or 
c4 seedlings transferred to SM-NaCl containing propyzamide skewed to the left and exhibited  
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Figure 15. The effect of the microtubule polymerization inhibiting drug, propyzamide, on root 
growth under NaCl stress. Root tips of three-day-old seedlings were aligned at the point of transfer (è) 
and plants were grown for 5 more days. (A) Wildtype, a1rcn1, and c4 seedlings were transferred to SM or 
SM-NaCl with or without 2 𝜇M propyzamide.  (B)  Root cell files of seedlings transferred to SM or SM-
NaCl with 2 𝜇M propyzamide.  
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Figure 16. Quantitation of length and angle of roots of seedlings treated with NaCl and 
propyzamide (propyz.). (A) Root angle and (B) root length were measured from the point of transfer to 
the root tip in seedlings transferred to SM or SM-NaCl in the presence or absence of propyzamide.  
Means were statistically compared (all-against all, Student’s t, p=0.05).  n = 32-47	  
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Table 4. Mean root angle and length of seedlings treated with propyzamide. Root angle and length 
were measured in wildtype, a1rcn1, and c4 seedlings grown on SM or SM-NaCl with or without treatment 
with 2 𝜇M propyzamide (propyz.). 
	






SM 0 11.6 3.8 
SM 2 48.8 3.7 
SM-NaCl 0 -13.4 3.6 
SM-NaCl 2 -1.5 3.4 
a1rcn1 
SM 0 -7.9 4.1 
SM 2 32.4 3.7 
SM-NaCl 0 84.1 2.7 
SM-NaCl 2 53.8 2.3 
c4 
SM 0 3.8 4.0 
SM 2 44.0 3.7 
SM-NaCl 0 -66.1 3.3 
SM-NaCl 2 56.9 3.1 
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right-handed cell file rotation (Figure 15), although the root angles were not as large as with 
NaCl alone. 
If both NaCl and propyzamide promote depolymerization of microtubules, and if PP2A is 
present in wildtype seedlings, to regulate optimal remodeling, roots can return to their normal  
straight growth habit. However, in PP2A mutants, repolymerization does not create optimal 
microtubule arrays leading to the NaCl-induced leftward root skewing and right-handed cell file 
rotation. 
The normal response to NaCl stress is microtubule depolymerization and 
repolymerization. If this process requires PP2A and is impeded in the PP2A mutant, then 
addition of propyzamide, which promotes depolymerization, may compensate for the missing 
PP2A function. The straight roots of wildtype seedlings transferred to SM-NaCl with 
propyzamide highlights the importance of microtubule depolymerization in NaCl responses. 
Without NaCl stress, the microtubule network does not need to depolymerize, so propyzamide 
treatment results in the rightward root skewing in wildtype roots. With NaCl stress, the 
microtubule network is disrupted. In wildtype plants when NaCl treatment is coupled with 
propyzamide-induced disruption results in a level of instability that the cortical microtubule 
network cannot overcome and results in a cytoskeleton that is transverse in orientation.  
The left-handed skewing is restored in roots of a1rcn1 and c4 seedlings grown under salt 
stress with propyzamide treatment, suggesting that the PP2A mutant roots already exhibit 
microtubule instability and propyzamide treatment is superfluous. If microtubules are unstable in 
the PP2A mutants, these results may indicate that PP2A may dephosphorylate tubulin or a 
microtubule associated protein that aids in stability or reformation of the cortical microtubule 
network under NaCl stress.  
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Roots of a1rcn1 seedlings transferred to SM-NaCl with propyzamide were also 
significantly shorter than a1rcn1 seedlings transferred to SM-NaCl which may affect the degree of 
root skewing. Bulging of the root cells was visible when the cell files were examined suggesting 
that the propyzamide may be negatively affecting root growth (Figure 15B, Figure 16B). The 
roots of PP2A mutants maintained the leftward root skewing phenotype when treated with 
propyzamide which suggests that induced instability caused by propyzamide seemed to have no 
strong effect on the root skewing phenotype. Therefore, the mutations in the A1RCN1 and C4 
genes may result in microtubule instability under NaCl stress. 
 The response of wildtype, a1rcn1, and c4 seedlings treated with taxol or propyzamide 
under NaCl stress conditions indicated an interaction between microtubules or some component 
of the microtubule cytoskeleton and NaCl stress. It was hypothesized that PP2A stabilizes 
microtubules under NaCl stress, perhaps by assisting correct repolymerization during this stress, 
thus allowing cells to maintain normal root cell shape and straight roots. 
 
2.5 PP2A influences cortical microtubule orientation under NaCl stress 
 To visualize microtubules, a-tubulin was immunolocalized in the root transition zone of 
wildtype, a1rcn1, and c4 seedlings using a-tubulin antibody followed by a secondary fluorophore-
conjugated antibody. Immunodetection was performed either 1 hr or 24 hr after 3-day-old 
seedlings were transferred to SM or SM-NaCl. Microtubules were visualized on a confocal 
microscope and maximum intensity projections were analyzed to detect changes in microtubule 
orientation (Figure 17). The images suggested that wildtype seedlings had transversely-oriented 
microtubules on either growth medium. Without NaCl stress, microtubules in the PP2A mutants 
looked very similar to those in wildtype seedlings. However, many microtubules in NaCl-   
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Figure 17. Representative images of immunolocalized microtubules. Three-day-old wildtype, a1rcn1, 
and c4 seedlings were transferred to SM or SM-NaCl. After 1 or 24 hours, microtubules were 
immunolocalized in elongating root cells. Cell sizes vary because of their relative positions in the 
elongation zone; some cells have just begun expansion while others are further along. Scale bar = 10 𝜇m   
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stressed roots of c4 seedlings appeared to have a left-handed oblique orientation (Figure 17), 
while microtubules in a1rcn1 seedlings were the least uniform in orientation.  
 To quantitate microtubule orientation, the angle between microtubules and the plasma 
membrane was measured. Five evenly-spaced microtubules were measured per cell. 
Measurements were sorted into 10° increments, starting with 36°-46˚ and ending with 126°-135°. 
The 86°-95° category was defined as the transverse microtubules. Angles less than 86° were 
considered left-handed oblique microtubules and measurements greater than 96° indicated right-
handed oblique microtubules.  
For all genotypes transferred to standard medium for 1 hr, most microtubules were in the 
transverse category (86°-95°), with almost all microtubule angles within the 76°-105˚ range 
(Figure 18). When wildtype seedlings were salt stressed for 1 hr, the percentage of transverse 
microtubules decreased (Figure 18 & Table 5).  Both the left-handed and right-handed categories 
increased slightly, but transverse remained the most frequent orientation. The broader 
distribution of microtubule orientations likely indicates NaCl-induced reorientation of 
microtubules (Wang, et al. 2007). When a1rcn1 seedlings were salt-stressed for 1 hour, the largest 
percentage of microtubules were classified as left-handed oblique (Figure 18 & Table 5). This 
effect was even more striking in c4 seedlings where the 76-85° left-handed oblique category 
became the most common orientation (Figure 18). The distribution of microtubules at 24 hr was 
very similar to the distribution at 1 hr (Figure 19 & Table 5), indicating that the microtubule 
response to NaCl stress was virtually complete 1 hr.  
Given the similarity of microtubule orientations between the 1 and 24 hr time points and 
to increase the sample size for statistical analysis, the data were pooled and reanalyzed to detect 
changes in microtubule orientation between genotype and medium. Microtubules in roots of  
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Figure 18. Microtubule orientation in root cells 1 hr after NaCl stress. Three-day-old 
wildtype, a1rcn1, and c4 seedlings were transferred to SM or SM-NaCl for 1 hr, then microtubules 
were immunolocalized in elongating root cells. Microtubule angles of 86-95° were defined as 
transverse (gray), 36-85° as left-handed oblique, and 96-135° as right-handed oblique.  
 51 
	
Figure 19. Microtubule orientation in root cells 24 hr after NaCl stress. Three-day-old wildtype, 
a1rcn1, and c4 seedlings were transferred to SM or SM-NaCl for 24 hr, then microtubules were 
immunolocalized in elongating root cells. Microtubule angles of 86-95° were defined as transverse (gray), 
36-85° as left-handed oblique, and 96-135° as right-handed oblique.  
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Table 5. Microtubule orientation in root cells after NaCl stress for 1 or 24 hr. Percent of the 
population of microtubules that were left-handed oblique (36-85°), transverse (86-95°), or right handed 
oblique (96-135°) at 1 hr or 24 hr post-transfer to SM or SM-NaCl. Bold type indicates the most abundant 
category.  
 % of microtubules in wildtype seedlings 
Orientation SM – 1 hr SM – 24 hr NaCl – 1hr NaCl – 24 hr 
Left-handed 33.1 30.9 35.5 34.5 
Transverse 48.6 53.3 40.7 40.8 
Right-handed 18.4 15.8 23.9 24.7 
 
 % of microtubules in a1rcn1 seedlings 
Orientation SM – 1 hr SM – 24 hr NaCl – 1hr NaCl – 24 hr 
Left-handed 36.6 30.9 45.6 44.6 
Transverse 45.6 44.3 29.7 25.7 
Right-handed 17.8 24.9 24.7 29.7 
 
 % of microtubules in c4 seedlings 
Orientation SM – 1 hr SM – 24 hr NaCl – 1hr NaCl – 24 hr 
Left-handed 35.4 30.4 48.8 49.2 
Transverse 48.2 49.3 30.6 27.5 
Right-handed 16.4 20.0 20.6 23.3 
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seedlings of all genotypes were predominantly transverse under non-stress conditions and the 
average microtubule angle was 88-89° (Table 6, Figure 20). A lower percent of microtubules in 
roots of wildtype seedlings under NaCl stress were in the transverse category compared to non-
stressed seedlings (Table 6). Even though there were fewer transverse microtubules in the 
stressed roots, the category with the greatest percentage of microtubules was still transverse and 
the average microtubule angle was not significantly different between wildtype seedlings 
transferred to SM-NaCl versus SM (Figure 20, Table 6), indicating that when microtubules 
became non-transverse, they moved into both the left and right oblique categories. These 
findings are consistent with the cell file rotation observed in these two conditions (Figure 6). The 
difference in microtubule orientations between wildtype seedlings transferred to SM versus SM-
NaCl may reflect changes needed to cope with NaCl stress (Wang, et al., 2007). 
Microtubules in a1rcn1 seedlings exposed to NaCl stress had a greater number of both left- 
and right-handed microtubules and fewer transverse microtubules compared to a1rcn1 seedlings 
transferred to non-stress conditions (Figure 20). This pattern indicated that a1rcn1 microtubules 
are randomly oriented under NaCl stress. Although both left-handed and right-handed 
microtubule orientations were increased under NaCl stress, the left-handed category was favored, 
with 45.2% of microtubules between 36-85° (Table 6). In comparison, only 33.8% of 
microtubules in a1rcn1 seedlings were in this category under normal conditions. The average 
microtubule angle in a1rcn1 seedlings transferred to SM-NaCl was significantly different from 
wildtype seedlings transferred to SM-NaCl (Figure 20). The primarily left-handed oblique 
microtubule orientation in a1rcn1 seedlings responding to salt stress was congruent with the 




Figure 20. Microtubule orientation in root cells after NaCl stress. Data from 1 hr (Fig. 18) and 24 hr 
(Fig. 19) time points were combined. (A) Microtubule angles of 86-95° were defined as transverse (gray), 
36-85° as left-handed oblique, and 96-135° as right-handed oblique. * = significantly different from other 
conditions (all against all, Student’s t, p=0.05).   
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Table 6. The orientation of microtubules after exposure to NaCl stress. The percent of 
microtubules (MT) in the left-handed oblique (36-85°), transverse (86-95°), or right handed 
oblique (96-135°) categories. Bold type indicates the category with the most microtubules.  
 
 % of MT in WT seedlings 
Orientation SM SM-NaCl 
Left-handed 30.8 34.9 
Transverse 52.3 40.7 
Right-handed 17.0 24.4 
 
 % of MT in a1rcn1 seedlings 
Orientation SM SM-NaCl 
Left-handed 33.8 45.2 
Transverse 45.0 28.2 
Right-handed 21.2 26.4 
 
 % of MT in c4 seedlings 
Orientation SM SM-NaCl 
Left-handed 32.8 48.9 
Transverse 49.1 29.3 
Right-handed 18.5 21.8 
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For c4 roots, the microtubule angles in seedlings transferred to SM-NaCl exhibited a skewed 
distribution and the category with the largest number of measurements was 76-85° (Figure 20; 
Table 6). Only 32.4% of the microtubules were in this category under normal growth conditions. 
As with the a1 seedlings, the average microtubule angle in c4 seedlings was significantly 
different from wildtype seedlings responding to salt stress, while the average microtubule angle 
in c4 and a1rcn1 seedlings was not significantly different (Figure 20, Table 6). The left handed-
oblique orientation of microtubules in root cells of c4 mutant seedlings transferred to SM-NaCl 
correlates with the cell file rotation and skewing observed in these roots (Figure 6). Under NaCl 
stress, microtubules in roots of c4 seedlings were more consistently biased toward a left-handed 
oblique orientation compared to microtubules in a1rcn1 roots, which were more variable in 
distribution.  
 To see how the orientation of the left-handed oblique microtubules in roots of spiral1 
seedlings (Furutani et al., 2000) compared to the microtubules in a1rcn1 and c4 seedlings, spiral1 
microtubules were localized using our assay conditions (Figure 21). The microtubule angles in 
spiral1 seedlings had a skewed distribution with the majority of microtubules in spiral1 
seedlings in a left-handed oblique orientation with angles from 76-85° (Figure 21).  These results 
are consistent with the report from Furutani et al. (2000). The average angle of microtubules in 
roots of spiral1 seedlings was similar to the microtubules in a1rcn1 and c4 seedlings transferred to 
NaCl stress condition (Figure 20, Figure 21). The level of disruption of microtubule arrays 
caused by mutation in a MAP, like SPR1, is similar to the disarray caused by PP2A deficiency in 
seedlings undergoing salt stress. Perhaps, PP2A regulates a MAP necessary for microtubule 




Figure 21. Microtubule orientation in spiral1 seedlings. spiral1 mutant seedlings which have left-
handed oblique microtubules (Furutani, et al. 2000) and were analyzed under our assay conditions to 
enable comparison to microtubules in roots of wildtype, a1rcn1, and c4 seedlings. Three-day-old spiral1 
seedlings were transferred to SM for 24 hr, then microtubules were immunolocalized in elongating root 
cells. * = significantly different compared to mean values in Figure 20 for roots grown without NaCl 
stress.  
  





2.6 Interaction between microtubule inhibitors and NaCl stress 
 To determine how microtubule inhibitors affected microtubule orientation during NaCl 
stress, microtubules were immunolocalized and their orientations measured in wildtype, a1rcn1, 
and c4 seedlings transferred to SM-NaCl containing either taxol or propyzamide. Visual 
examination of the images indicated that most microtubules in taxol-treated roots of wildtype  
seedlings appeared disorganized (Figure 22). Microtubules in a1rcn1 and c4 seedlings looked 
primarily transversely oriented (Figure 22). After propyzamide treatment, many microtubules in 
wildtype, a1rcn1, and c4 seedlings appeared to be transverse or to have a slight left-handed 
oblique orientation (Figure 22).  
 Microtubule angle data were binned in 10° increments with the 86-95° category defined 
as transverse microtubules. In the presence of both NaCl and taxol, there was a broad distribution 
of microtubule angles in roots of wildtype seedlings with many classified as left-handed or right-
handed oblique which was expected based on the disorganized appearance of microtubules in 
these plants (Figure 23). These roots skewed to the right with obvious left-handed cell file 
rotation (Figure 13), so it was expected that a greater number of right-handed oblique 
microtubules. Instead, the percentage of right-handed oblique microtubules was only slightly 
greater than those that were left-handed (Table 7) indicating that these microtubule arrays were 
generally disorganized. However, recall that the effect of NaCl stress on wildtype microtubules 
was to decrease the number of transverse microtubules and increase both the percentage of both 
left-handed and right-handed microtubules (Table 6). Thus, it appears that the increased 
microtubule stability conferred by taxol treatment limits the ability of microtubules to 
depolymerize and repolymerize in response to NaCl stress, even in the presence of PP2A. 
Although, roots of wildtype seedlings skewed to the right when grown on SM-NaCl with taxol  
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Figure 22. Representative images of NaCl stressed microtubules treated with inhibitors. Three-day-
old wildtype, a1rcn1, and c4 seedlings were transferred to SM-NaCl containing 1 𝜇M taxol or 2 𝜇M 
propyzamide. After 24 hr, microtubules were immunolocalized in elongating root cells. Cell sizes vary 
because of their relative positions in the elongation zone; some cells have just begun expansion while 
others are further along. Scale bar = 10 𝜇m 
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treatment, the microtubules were disorganized and only slightly favored a right-handed oblique 
orientation. There were also a number of microtubules that had very large microtubule angles 
(Figure 23). Perhaps, the few strong right-handed oblique microtubules combined with slight 
favoring of the orientation is enough to drive left-handed cell file rotation. Alternatively, there 
are likely to be unknown factors other than microtubule orientation that contribute to the cell file 
rotation and root skewing. 
Taxol "rescued" the NaCl-induced root skewing phenotype of the PP2A mutants, so it 
was expected that the microtubules in roots of a1rcn1 and c4 seedlings transferred to SM-NaCl 
with taxol treatment would be transverse. This prediction was supported in the c4 mutant (Figure 
23; Table 7). The primarily transverse orientation of microtubules in c4 seedlings supports the 
previously stated idea that PP2A containing C4 subunits may stabilize microtubules under NaCl-
stress and taxol is able to functionally play the role or C4. Alternatively, the two mechanisms of 
taxol causing rightward growth and the c4 mutant under NaCl stress causing leftward growth 
may be opposing each other combined. The opposing actions of left against rightward skewing 
result in a straight root.  
The prediction that the microtubules of the PP2A mutant seedlings would have 
transversely oriented microtubules when NaCl stress was combined with taxol treatment was not 
supported by the arrangement of microtubules in a1rcn1 seedlings. Microtubules in root cells of 
a1rcn1 seedlings produced a skewed distribution with the 75-86° bin being the most abundant 
(Figure 23). 49.6% of microtubules were categorized as left-handed oblique, where only 38.4% 
of microtubules were transverse (Table 7). This result was unexpected given that roots of a1rcn1 
roots were straight when transferred to SM-NaCl with taxol treatment and had primarily linear 
cell files (Figure 12). Despite the straight roots of a1rcn1 seedlings transferred to SM-NaCl with  
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Figure 23. Microtubule (MT) orientation in seedlings treated with NaCl and inhibitors. Three-day-
old wildtype, a1rcn1, and c4 seedlings were transferred to SM-NaCl containing 1 𝜇M taxol or 2 𝜇M 
propyzamide. After 24 hr, microtubules were immunolocalized in elongating root cells. Microtubule 




Table 7. Microtubule orientation of roots grown under NaCl stress with inhibitor treatment. The 
percent of microtubules in the left-handed oblique, transverse, and right-handed oblique orientation. Bold 
type indicates the category with the most microtubules. 
 % of MT in WT seedlings 
Orientation SM SM-NaCl NaCl + Taxol NaCl + Propyz. 
Left-handed 30.8 34.9 38.7 45.6 
Transverse 52.3 40.7 21.3 32.8 
Right-handed 17.0 24.4 40.0 21.7 
 
 % of MT in a1rcn1 seedlings 
Orientation SM SM-NaCl NaCl + Taxol NaCl + Propyz. 
Left-handed 33.8 45.2 49.6 48.8 
Transverse 45.0 28.8 34.8 28.8 
Right-handed 21.2 26.4 15.6 22.5 
 
 % of MT in c4 seedlings 
Orientation SM SM-NaCl NaCl + Taxol NaCl + Propyz. 
Left-handed 32.4 48.9 31.8 62.4 
Transverse 49.1 29.3 39.1 22.4 
Right-handed 18.5 21.8 29.1 15.3 
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taxol treatment, there was a substantial percentage of obliquely oriented microtubules. 
This may suggest that taxol may not be acting on the same exact target as PP2A. This may also 
suggest that the connection between microtubules and cellulose synthase is disrupted under these 
conditions. Perhaps, the PP2A mutation is causing this disconnect. Roots of wildtype seedlings 
transferred to SM-NaCl with propyzamide treatment were straight with no cell file rotation 
(Figure 15). Given this result, it was predicted that the microtubules in wildtype seedlings 
transferred to SM-NaCl with propyzamide treatment would be transverse. Instead, the 
microtubules were primarily left-handed oblique (Figure 23; Table 7). However, the bin with the 
most entries was the transverse 86-95° bin containing 32% of the data which is much greater 
than the percent of microtubules in the right-handed oblique category. As with the effect of taxol 
on the a1rcn1 seedlings grown under NaCl stress, there is a lack of correlation between 
microtubule and cell file orientation. 
Roots of a1rcn1 and c4 seedlings with NaCl stress and propyzamide treatment displayed 
leftward skewing (Figure 14A), so it was expected that they would have primarily left-handed 
oblique microtubules. Indeed, the left-handed oblique category contained the largest percentage 
of the microtubules in a1rcn1 and c4 seedlings (Table 7). In a1rcn1 seedlings, both the 76-85° and 
the 86-95° were the bins with the greatest number of microtubules (Figure 23). For the c4 
seedlings grown on NaCl with propyzamide treatment the category with the greatest number of 
microtubules was 76-85° (Figure 23). The percent of left-handed oblique microtubules in roots 
of salt-stressed c4 seedlings with propyzamide treatment is much greater than left-handed 
oblique microtubules in roots of c4 seedlings under NaCl stress alone (Table 7). Thus, 
propyzamide-induced microtubule instability does not affect the left-handed oblique microtubule 
orientation in root cells of a1rcn1 mutant seedlings, but resulted in many more left-handed oblique 
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microtubules in c4 seedlings. This supports the previously stated proposal that the a1rcn1 and c4 
mutations result in microtubule instability. Alternatively, PP2A may play a role in remodeling 
the cortical microtubule cytoskeleton which may account for the inconsistencies in microtubule 






 The goal of this research was to determine the underlying cause of sodium-induced root 
skewing in two PP2A mutants, c4 and a1rcn1. Root skewing of these mutants was initially 
detected in growth assays performed on an agar surface in vertically-oriented Petri plates. It is 
important to note that root skewing is an artifact of this growth method because roots that were 
grown through the agar displayed cell file rotation but were straight (Figure 7).  Nevertheless, the 
vertical plate assay is a useful tool for detecting even small amounts of cell file rotation. 
 
3.1 Aberrant microfilaments in PP2A mutants may be related to alterations in auxin distribution 
Salt stress at high concentrations (250 mM NaCl) induces microfilament bundling, 
assembly, and even depolymerization (Wang et al., 2010). The SOS3 protein also has a role in 
the reorganization of microfilaments after exposure to NaCl (Ye et al., 2013), so it would not be 
unexpected if microfilaments played a role in the a1rcn1 and c4 root skewing response to NaCl 
stress. However, the observed microfilament orientation, bundling, and organization did not 
correlate in a reproducible manner with the NaCl-induced root skewing phenotype of a1rcn1 and 
c4 seedlings. Thus, it is concluded that microfilaments do not contribute to the NaCl-induced 
root skewing phenotype of the PP2A mutants.,  
Microfilaments in roots of a1rcn1 and c4 seedlings under non-stress conditions were 
significantly different in orientation and spatial skew compared to microfilaments in roots of 
wildtype seedlings (Figure 12). This is a novel result and may provide an explanation for the 
known elevated basipetal auxin transport phenotype of a1rcn1 (Rashotte et al., 2001).  
 66 
Microfilaments are important for the localization of PIN auxin transporters (Dhonukshe et al., 
2008; Lanza et al., 2012; Nick, 2010) and thus disruption of microfilaments would be expected 
to affect auxin transport. For example, microfilaments influence PIN1 localization (Geldner et 
al., 2001; Kleine-Vehn et al., 2006) and there were slight irregularities in the localization of 
PIN1 in elongating root cells in c4 seedlings (Ballesteros et al., 2013). This suggested that 
microfilament abnormalities may be directly related to aberrant auxin distribution alterations in 
in c4 and a1rcn1 mutants (Ballesteros et al., 2013; Blakeslee et al., 2007; Michniewicz et al., 
2007). Perhaps the loss of C4 subunits causes microfilaments to improperly traffic PIN-
transporting vesicles, thus disrupting auxin transport.  
It was puzzling that wildtype roots skewed weakly leftward when grown under NaCl 
stress and LatB treatment, yet microfilament arrangement did not correlate with NaCl stress. The 
close connection between microfilaments and microtubules in the cortical cytoskeleton may 
provide an explanation for this result. Microfilaments exist in close proximity to microtubules 
and the two are suggested to interact with each other such that when one network is disrupted, 
the other is also affected (Bannigan & Baskin, 2005; Blancaflor, 2000). Perhaps the disruption of 
microfilaments by LatB also had a disordering effect on microtubules that enhanced the slight 
leftward slanting of wildtype roots in response to NaCl stress.  
 
3.2 Cell file rotation in NaCl-induced root skewing is related to microtubule orientation  
 The direction of root growth is directly correlated with changes in the cytoskeleton (Roy 
& Bassham, 2014) and cell file rotation (Oliva & Dunand, 2007). For example, lefty1 and lefty2 
contain point mutations in a-tubulin that result in right-handed microtubule arrays and rightward 
root skewing when seedlings are viewed through the agar (Thitamadee et al., 2002). Mutations in 
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microtubule-associated proteins can also result in cell file rotation and oblique microtubule 
arrays. Mutation of SPIRAL1/SKU6 encoding a plus-end microtubule binding protein or the 
MAP WVD2 results in left-handed microtubule arrays and right-handed cell file rotation 
(Furutani et al., 2000; Nakajima et al., 2004; Perrin, 2007; Sedbrook et al., 2004).  
 The root skewing phenotypes of a variety of tubulin and MAP mutants suggested that the 
NaCl-induced root skewing phenotype of PP2A mutants might be the result of alterations in the 
tubulin cytoskeleton. The NaCl-induced root skewing phenotype of the a1rcn1 and c4 mutants 
correlated strongly with right-handed cell file rotation. Cell file rotation temporally preceded root 
skewing, suggesting that when seedlings are grown on a vertical agar surface, even small 
perturbations of cell file linearity are rapidly translated into changes in the direction of root 
growth. 
 
3.3 The combination of NaCl stress and inhibitors affects the relationship between microtubule 
orientation and cell file rotation 
In roots of a1rcn1 and c4 seedlings exposed to NaCl stress, cortical microtubules tended to 
have a left-handed oblique orientation. Cellulose synthase complexes produce microfibrils in the 
same arrangement as the underlying microtubule arrays (Paredez et al., 2006) and improperly-
oriented microfibrils result in a change in the axis of cell elongation (Weizbauer et al., 2011). At 
the cellular level, left-handed oblique arrays were correlated with the observed right-handed cell 
file rotation which translated into the leftward root skewing of the a1rcn1 and c4 roots that was 
observed on a two-dimensional surface.  
Treatment of seedlings with chemicals that affect microtubule arrays resulted in the 
expected relationship between array orientation, cell file rotation, and root skewing. However, 
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combining pharmacological microtubule disruptors or stabilizers with NaCl stress led to some 
unexpected results. First, recall that NaCl treatment alone resulted in almost no root skewing, 
little cell file rotation, and transverse microtubule arrays in wildtype roots while propyzamide 
alone resulted in strong rightward root skewing, left-handed cell file rotation and right-handed 
microtubule arrays as reported previously (Furutani et al., 2000). When both NaCl and 
propyzamide were present, wildtype roots were straight and cell files were linear as expected but 
surprisingly microtubule arrays were in a left-handed oblique orientation. If microtubule 
orientation is a direct predictor of root growth direction, then these roots should have a leftward 
skew. These results indicate that the combination of propyzamide and NaCl stress may affect the 
normal coordination between the cellulose synthase complex and the microtubule cytoskeleton. 
Second, taxol treatment combined with NaCl stress also showed a disconnect between the 
microtubule arrays and root growth direction. Microtubules in roots of a1rcn1 seedlings exposed 
to NaCl stress and treated with taxol were left-handed oblique even though the roots were 
straight and cell files were linear. To resolve these discrepancies, future studies should repeat 
these experiments and investigate the orientation of cellulose microfibrils in cell walls as well.  
Although microtubule orientation dictates cellulose microfibril orientation, movement of 
cellulose synthase within the plasma membrane does not absolutely require microtubules, nor are 
microtubules essential for linear tracking of cellulose synthase complexes (Paredez et al., 2006). 
Because of this, mutations that alter the connection between microtubules and cellulose synthase 
could yield phenotypes in which microtubule orientation and cellulose microfibril deposition are 
not coordinated. The rhamnose biosynthesis 1 (rhm1) mutants display prominent left-handed cell 
file rotation in roots and petals, yet their microtubules are transverse, breaking the correlation 
between microtubule orientation and cell file rotation (Saffer et al., 2017). rhm1 encodes UDP-L-
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rhamnose synthase that is required for synthesis a rhamnogalacturonon I, the second most 
abundant component of pectin, indicating that alterations in cell wall composition, perhaps 
affecting interactions between cellulose and pectin, can also lead to helical root growth (Saffer et 
al., 2017). If PP2A is involved in regulating microtubule stability or remodeling in seedlings 
experienced NaCl stress, then the addition of microtubule inhibitors may interfere with the 
normal response and lead to the disconnect between microtubules and cell file rotation that was 
observed in a few instances. 
 
3.4 Proposed mechanism of PP2A interacting with microtubules under NaCl stress 
 Mutations in PP2A caused a novel root skewing and cell file rotation phenotype in NaCl-
stressed Arabidopsis seedlings. In PP2A mutants grown under NaCl stress, altered microtubule 
orientation in elongating root cells under NaCl stress is correlated with these root skewing and 
helical growth phenotypes. Microtubules are highly responsive to a variety of stresses, including 
NaCl stress (Wang et al., 2007), indicating that microtubule arrays are a central regulator of cell 
stress responses, but no previous connection between PP2A, microtubules, and NaCl stress had 
been reported. A model can be proposed to describe how PP2A may influence microtubule 
orientation and stability under NaCl stress (Figure 24A). Under normal conditions, microtubules 
are located in close proximity to the plasma membrane and are decorated with the SPR1 proteins 
at their plus-ends. Cellulose synthase (CESA) embedded in the plasma membrane, associated 
with Companion of Cellulose Synthase proteins 1 and 2 (CC1/2), tracks along the microtubules, 
producing extracellular cellulose microfibrils. In the root elongation zone, microtubules are in 




Figure 24. Proposed role for the interaction of PP2A with cortical microtubules in wildtype root 
cells. (A) In the absence of NaCl stress, cellulose synthase tracks along cortical microtubules in 
association with CC1/CC2. Microtubules are decorated with SPR1 which increases stability. (B)  During 
NaCl exposure, intracellular Ca2+ increases. SPIRAL1 is degraded by the 26S proteasome and PHS1 
phosphorylates 𝛼-tubulin resulting in microtubule depolymerization. (C) Microtubule reassembly may be 
facilitated by PP2A by dephosphorylation of GCP, 𝛼-tubulin, or a MAP. (D) Microtubules are transverse 
both before and after NaCl exposure. CESA: cellulose synthase; CC1/2: companion of cellulose synthase 
1/2; 26SP: 26S proteasome; PHS1: propyzamide hypersensitive 1; SPR1: sprial1; TON1a/b: tonneau1 
a/b; GCP2: 𝛾-tubulin complex proteins TRM: ton1 recruiting motif protein  
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 In response to extracellular NaCl, the concentration of intracellular Ca2+ increases and 
induces microtubule depolymerization at the plus-end (Figure 24B). The 26S proteasome 
degrades the MAP, SPIRAL1, and the Propyzamide Hypersensitive 1 (PHS1) protein 
phosphorylates a-tubulin to expedite microtubule disassembly (Fujita et al., 2013; Wang et al., 
2011). Depending on the concentration of NaCl, full-length microtubules may not be visible or 
only a small number may be present, depending on the concentration of NaCl. After 
depolymerization, re-formation of the cortical microtubule network begins unless the NaCl 
concentration is extremely high (Wang et al., 2007). CC1/2 proteins remain bound to segments 
of microtubules after depolymerization, which helps start the regeneration of a new network 
(Endler et al., 2015).  
 What role might PP2A play in this process? Three potential roles for a PP2A in 
regulation of the interphase microtubule cytoskeleton can be proposed (Figure 24C). First, PP2A 
complexes containing A1RCN1, C4, and TON2 (a B" subunit) associate with TON1a/b and the 
Ton1 Recruiting Motif (TRM) protein (Azimzadeh et al., 2008; Spinner et al., 2013). The 
PP2A/TON1/TRM complex was originally found to decorate the pre-prophase band (PPB) 
during cell division, but TON2 has also been localized to interphase cortical microtubules 
(Camilleri, 2002; Spinner et al., 2013). The PP2A/TON1/TRM complex localizes to g-tubulin or 
other GCPs on existing microtubules (Kirik et al., 2012; Spinner et al., 2013). If a function of 
PP2A is to dephosphorylate either g-tubulin or GCPs, microtubules will nucleate in a branched 
orientation, resulting in a transverse microtubule network after reassembly (Figure 24C, D; Chan 
et al., 2009; Nakamura & Hashimoto, 2009). If g-tubulin or GCPs are not dephosphorylated in a 
PP2A mutant, improper nucleation orientation will result in oblique microtubule arrays (Figure 
25; Murata et al., 2005). Second, under NaCl stress, PHS1 phosphorylates a-tubulin and aids in 
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microtubule catastrophe (Fujita et al., 2013).  For microtubules to be reassembled, a-tubulin 
phosphorylation must be reversed (Fujita et al., 2013). Perhaps PP2A carries out this activity so 
that a-tubulin can be properly reincorporated back into the cortical microtubule network that is 
transverse in orientation (Figure 24C, D). The inability of PP2A mutants to dephosphorylate all 
or some tubulin isoforms after NaCl-induced phosphorylation may result in aberrantly oriented 
microtubule arrays (Figure 25). Third, PP2A might dephosphorylate and activate one or more of 
the microtubule-associated proteins. Some MAPs are highly regulated by post-translational 
phosphorylation; for example, MAP65-1 needs to be dephosphorylated to bind to microtubules 
(Smertenko et al., 2006). If MAP dephosphorylation is required for microtubule reassembly 
during the NaCl stress response, microtubules would be expected to be more unstable in the 
PP2A mutants and more likely to form obliquely oriented arrays (Figure 25). 
The SOS signal transduction pathway has been implicated in regulating the cortical 
microtubule network under NaCl stress (Ji et al., 2013). Could PP2A be involved in regulating 
the SOS pathway? One possibility is that one of the SOS proteins, such as the kinase SOS2 or 
the calcium-binding protein SOS3, regulates PP2A activity (Figure 26). Perhaps an SOS protein 
activates PP2A under NaCl stress, enabling the phosphatase to dephosphorylate tubulin or a 
MAP to facilitate repolymerization or enhance microtubule stability. Alternatively, some of the 
target proteins that are phosphorylated by SOS2 may be dephosphorylated by PP2A. Without 
this regulation, downstream effects may result in aberrant microtubule orientation under NaCl 
stress. Although PP2A may directly influence microtubules, it may also regulate proteins that 
will ultimately regulate microtubule orientation.  
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Figure 25. Proposed role for the interaction of PP2A with cortical microtubules in root cells of 
PP2A mutants during NaCl stress. (A) Without PP2A, perhaps the GCP, tubulin, or a microtubule 
associated protein are not dephosphorylated. Phosphorylated GCP may result in improper microtubule 
nucleation. Phosphorylated tubulin may not be reincorporated into repolymerizing microtubules or may 
be improperly polymerized into the microtubule. Phosphorylated MAP may not bind to microtubules thus 
causing microtubule instability. (B) In the absence of PP2A under NaCl stress, the microtubules are left-
handed oblique and result in aberrantly-shaped cells. CESA: cellulose synthase; CC1/2: companion of 
cellulose synthase 1/2; GCP: 𝛾-tubulin complex proteins  
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Figure 26. Potential interaction of PP2A with the SOS pathway. Known (solid black arrow) and 
proposed (dashed black arrow) interactions of the SOS proteins are depicted [modified from Ji et al. 
(2013)]. SOS2 or SOS3 may regulate PP2A activity which acts directly on microtubules or MAPs (blue). 
Alternatively, PP2A may dephosphorylate a protein that SOS2 phosphorylates. The target protein of 




3.5 Future directions 
A. Imaging studies 
 Moving forward, a greater understanding of how the cortical microtubule network 
changes in PP2A mutant seedlings after exposure to NaCl stress must be obtained. Live imaging 
of microtubules after NaCl exposure could determine the extent and time course of cortical 
microtubule depolymerization after NaCl treatment. Microtubule orientations at 1 and 24 hours 
were very similar, suggesting that changes in microtubule orientation likely occur very quickly 
after NaCl stress. To live image microtubules, plant lines expressing tubulin-GFP could be 
crossed into the a1rcn1 or c4 backgrounds. Seedlings could be observed using the HybriWell 
system (Sigma, Cat. No. GBL612102, Grace Bio-Labs, Bend, OR) which has a port for perfusion 
of NaCl solution during imaging of the microtubules on the confocal. One caveat of this 
approach is that modifications of tubulin by the addition of GFP or other tags can affect 
polymerization and/or stability of the arrays. Different tubulin reporter lines should be screened 
to ensure that the addition of the reporter gene does not affect root growth or microtubule 
dynamics and to assess if there are issues with gene silencing prior to beginning these 
experiments. 
To assess if regulation of g-tubulin branching is a target of PP2A, GCPs can be localized 
using a GCP fluorescent reporter (Nakamura & Hashimoto, 2009) in the a1rcn1 or c4 mutant 
background. Additionally, changes in the nucleation angle of microtubules in a1rcn1 and c4 
mutant seedlings undergoing NaCl stress could be assessed (Nakamura & Hashimoto, 2009). 
Fluorescently labeled GCP seedlings could be observed in real time under non- and NaCl 
stressful conditions in both the wildtype and PP2A mutant background. The activity of GCPs and 
any changes in activity due to the lack of PP2A under NaCl stress may give insight into a 
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potential role. Perhaps, PP2A regulates GCP ability under NaCl stress, when the cortical 
microtubule network requires depolymerization and repolymerization. It is also possible that 
differences under non-stress conditions are not observed because other PP2A subunits can 
functionally fill in for the missing A1RCN1 and C4 subunits, where under stressful conditions the 
other A and C subunits might be delegated to other functions. 
Preliminary immunoprecipitation and mass spectrometry experiments using protein 
extracts from seedlings detected several tubulin isoforms in physical association with the C4 
subunit (Thompson, 2017). Because there is a large amount of tubulin in cells, it often is found in 
immunoprecipitated samples and dismissed as a contaminant rather than evidence of an actual 
physical interaction. Bimolecular Fluorescent Complementation (BiFC) might be a better 
approach to detect a physical interaction between the C4 subunit and tubulin but is complicated 
by the large number of tubulin isoforms in Arabidopsis which would necessitate the production 
of transgenic lines to test each isoform individually. 
 
B. Inhibitor studies 
 Microtubule orientation and cell file rotation were not correlated under some conditions 
in roots treated with microtubule inhibiting drugs under NaCl stress. These experiments could be 
repeated with other microtubule stabilizing and destabilizing drugs to determine if the anomalies 
in microtubule orientation are specific to taxol and propyzamide. The mechanisms of action and 
targets of these drugs are not completely understood, so different results could be obtained with 
different pharmacological agents. If the anomalous results are confirmed, then it could be 
worthwhile to determine the orientation of cellulose microfibrils in the cell walls. Cellulose 
microfibril orientation can be observed on a scanning electron microscope (Sato et al., 2001).   
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C. Genetic studies 
 Roots of a1rcn1 seedlings consistently have a stronger skewing and cell file rotation 
phenotypes than c4 seedlings. This is likely due to a lack of genetic plasticity among the A 
subunits. In A. thaliana, the A subunit is encoded by only three genes while the C subunit is 
encoded by five genes. The A subunit isoforms are almost ubiquitously expressed but the A2 and 
A3 subunits are highly similar and genetic analysis indicates that they may be functionally 
redundant, while the A1RCN1 sequence is more divergent and many phenotypes have been 
reported for a1rcn1 mutants. Therefore, it follows that when the A1RCN1 gene is knocked out, the 
A2 and A3 subunits cannot as effectively make up for its absence.  Among the C subunits, there 
appears to be significant functional redundancy. The C4 subunit shares 98% amino acid 
sequence identity with the C3 subunit and, while specific phenotypes have been reported for both 
the c3 and c4 mutants (Ballesteros et al., 2013; Thompson, 2017; Yue et al., 2016), the severe 
developmental impacts of the c3c4 double mutant indicate that these genes have many similar 
functions (Ballesteros et al., 2013). An on-going project in the Hrabak laboratory is to create all 
possible C subunit double mutants. Preliminary results from this study indicate that some of the 
C subunit proteins may be able to functionally substitute for one another (Thompson, 2017). 
Studies using A subunit and C subunit double mutants can also give insight into the molecular 
mechanisms that are contributing to the a1rcn1 and c4 root skewing phenotype induced by NaCl 
stress. Studies with a1rcn1c4 double mutants should be prioritized. When a1rcn1c4 double mutants 
are grown under normal or salt stress conditions, the response is similar to the a1rcn1 single 
mutant (Thompson, 2017). Microtubules in a1rcn1c4 seedlings under non-stress conditions are 
expected to have slightly oblique orientation, whereas under NaCl stress an oblique orientation 
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should be present. It may also be informative to test the effect of microtubule inhibiting drugs on 
the a1rcn1c4 double mutant seedlings. 
 Creating double mutants of PP2A genes and proteins involved in microtubule orientation 
or NaCl stress may give insight into what pathway PP2A may be acting in. For example, a1rcn1 
or c4 should be crossed with mutants of the SOS pathway to give insight into whether a SOS 
protein influences PP2A to regulate cortical microtubules. Additionally, crossing a1rcn1 and c4 
mutants should be crossed with microtubule-associated protein mutants implicated in the NaCl 
stress response such as spr1. Microtubules in the double mutants should be imaged if a genetic 
interaction is detected. 
 Mutants of other related proteins should be screened for an effect when grown under 
NaCl stress conditions, including cellulose synthase complex proteins, cell wall synthesis 
proteins, tubulin, and MAPs. If these mutants grown under NaCl stress present leftward skewing 
or NaCl has a dramatic effect on the direction of root growth than it might indicate proteins in 






4.1 Plant Lines and Growth Conditions  
 Arabidopsis thaliana Columbia ecotype was used throughout this work. The a1-6rcn1-6 
(At1g25490; SALK_059903) seeds (referred to throughout as a1rcn1) were a gift from Alison 
DeLong at Brown University. The c4-1 (At3g58500; SALK_035009) seeds (referred to 
throughout as c4) were acquired from the Arabidopsis Biological Resource Center (ABRC) at 
Ohio State University.  
Seeds were surface sterilized using 70% ethanol with 1 drop of 10% Triton X-100 for 5 
minutes with agitation, followed by a second wash with 100% ethanol with 1 drop of 10% Triton 
X-100 for 5 minutes with agitation, and a final wash with 100% ethanol for 5 minutes with 
agitation. Seeds were air-dried in a laminar flow hood.  
Standard Medium (SM) contained 0.5X Murashige-Skoog salts with Gamborg’s vitamins 
(Caisson Laboratories, Smithfield, UT, Cat. No. MSP06) and 0.8% Phytoblend (Caisson 
Laboratories, Cat No. PTP01) adjusted to pH 5.8. SM was supplemented with 75 mM NaCl 
(SM-NaCl) to grow seedlings under salt stress. Medium (200-400 mL) was autoclaved in 500 
mL bottles and solidified at room temperature. Before use, bottles were microwaved and 30 mL 
aliquots were dispensed into 100 mm2 square plates with a 6 x 6 grid (Fisher Scientific, 
Pittsburgh, PA, Cat. No. FB0875711A). Surface-sterilized seeds were placed on the surface of 
the agar. Plates were sealed with 3M micropore surgical tape. Seeds were stratified in the dark at 
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4°C for 2-10 days, then plates were oriented vertically at 25°C with a 12 hr photoperiod for 
germination and growth. 
 
4.2 Cell file rotation  
 Approximately 100 seeds were sprinkled randomly on a plate of SM and germinated with 
the plate in a vertical orientation for 3 days as described above. Seedlings were transferred to a 
fresh square, gridded plate containing SM or SM-NaCl using a sterile pipette tip so that the root 
tips lined up along the top-most horizontal grid line.  Six seedlings were transferred to each plate 
(1 per grid division). One half of the plate (three columns of the grid) contained three seedlings 
of one genotype and the other half contained three seedlings of a different genotype. Every 24 
hours for the next 96 hours, the location of the root tip was marked on the back of the plate. After 
96 hours, seedlings were grown for an additional 24 hours to ensure that all root cells from the 
point of transfer to the 96 hour mark were in the maturation zone. It is essential that cells being 
observed for cell file rotation are in the maturation zone so that the final cell shape has been 
established. At the end of the assay, plates were photographed through the agar with a Pentax 
K100D Super camera. Root epidermal cell files were imaged along the length of the root using 
an SZX9 stereo microscope at 57X magnification (Olympus, Lombard, IL).  Images were 
captured with a Q-color 3 digital camera (Olympus). Using PowerPoint (Microsoft), images from 
each root were aligned to make a single continuous root image and digital marks were made on 
the image every 160 µm along each root. Measurements of root angle and cell file rotation were 
made at each digital mark using ImageJ (Schneider et al., 2012) and then mathematically 
corrected to account for the fact that the actual plate orientation could not be determined from the   
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Figure 27. Calculation of cell file rotation. Cell File Rotation = Root Angle minus Cell File Angle.  
Measurements were made every 160 𝜇m at each digitally applied mark (●) on 57X images of roots using 
ImageJ. (A) Root Angle (red) was measured at the right outer edge of the root relative to the horizontal 
axis of the image. (B) Cell File Angle (yellow) of one in-focus file was measured relative to the 
horizontal axis of the image 
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stereomicroscope image (Figure 27). Graphs plotting the value of root angle and cell file rotation 
at each position were created as described previously (Mochizuki et al., 2005). 
 
4.3 Growing roots through agar 
  Approximately 100 mL of SM or SM supplemented with 50 mM NaCl was poured into 
square, gridded Petri plates, completely filling the plate. The medium was solidified with 0.4% 
Gelzan (Caisson Labs, Cat. No. G024) instead of Phytoblend for increased clarity.  A block 
containing about 30% of the medium was removed starting from one edge of the plate.  The plate 
was oriented vertically and a sterile pipette tip was used to place a surface-sterilized seed on the 
shelf-like surface formed by the removal of medium. Six seeds were spaced evenly on each 
plate. Seeds were stratified and plates were moved into the growth room at 25˚C with 12 hr 
photoperiod for 5 days. To visualize the cell files, seedlings were removed from the medium, laid 
on the surface of the medium and imaged at 57X magnification as described previously. 
 
4.4 Inhibitor assays 
 Surface-sterilized seeds were germinated on SM as described in Section 4.2. Three-day-
old seedlings were transferred to fresh 100 cm2 gridded plates so that the root tips were aligned 
to the first grid line of plate. Inhibitors were: 0.05 µM latrunculin B from Latruncula (Sigma-
Aldrich; Cat. No. L5288), 1 µM taxol (Sigma-Aldrich; Cat. No. T7402), or 2 µM propyzamide 
(Honeywell Riedel-de Ha𝑒n, Seelze, Germany, Cat. No. 45645). Plates were oriented vertically 
at 25˚C with a 12 hr photoperiod for 7 days. Seedlings were photographed from the back of the 
plate. Root epidermal cell files were imaged as described in Section 4.2. The root angle from 
vertical and root length from the point of transfer to the root tip were measured using ImageJ 
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(Schneider et al., 2012). An all-against-all Student’s t test (p=0.05) on the JMP platform was 
used for statistical analysis (JMP, 1989). 
 
4.5 Localization of Microfilaments  
 To localize microfilaments, a modification of the procedure described in Frantzios et al. 
(2005) was used. Three-day-old seedlings prepared as described in Section 4.2 were transferred 
to Petri plates containing SM or SM-NaCl and incubated for 1 or 24 hours at 25˚C with at 12 hr 
photoperiod. Plates were flooded with PME buffer (300 µM MBS [m-maleimidobenzoyl-N-
hydroxysuccinimide ester, Sigma-Aldrich, St. Louis, MO, Cat. No. M2786]; 0.01% Triton X-
100; 50 mM PIPES [piperazine-N,N’-bis(2-ethanesulfonic acid), sodium salt, pH 7.0]; 5 mM 
EGTA, pH 7.0; 5 mM MgSO4) for 30 minutes with gentle shaking. PME buffer was decanted 
and seedlings were fixed with 4% formaldehyde (Polysciences, Warrington, PA, Cat. No. 18814) 
in PME buffer for 45 minutes with gentle shaking. Seedlings were transferred to wells in a cell 
culture plate and washed three times with equal parts PME buffer and PBS buffer (10 mM 
Na2HPO4; 2 mM KH2PO4; 137 mM NaCl; 2.7 mM KCl, pH 7.4) for 5 minutes with gentle 
agitation. Cell walls were digested with 1% pectinase from Rhizopus sp. (Sigma, Cat No. P2401) 
in PME:PBS [1:1] for 15 minutes with gentle shaking, followed by three washes in PME:PBS. 
Microfilament labeling was performed by transferring seedlings to a Petri dish with a layer of 
paraffin wax at the bottom and water-moistened Kimwipes around the circumference to create a 
humid environment. Seedlings were placed in the humidity chamber for 90 minutes with the root 
tips in a drop of 0.1 µM AlexaFluor 488 Phalloidin (Life Technologies, Carlsbad, CA, Cat. No. 
A12379) in PME:PBS. Seedlings were transferred back to a well of a cell culture plate and 
washed in excess PME:PBS for 5 minutes in to remove residual AlexaFluor-488-Phalloidin. For 
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mounting, seedlings moved into 25% glycerol in PME for 10 minutes and then 50% glycerol in 
PME. Cotyledons were removed with dissecting scissors and roots were mounted in 50% 
glycerol on microscope slides with #1.5 coverslips, then sealed with melted paraffin wax. 
Microfilaments were visualized on a LSM510 Meta laser scanning confocal microscope (Zeiss) 
using an Argon laser at 3% output. Samples were viewed through a 60X oil-immersion lens. All 
images of microfilaments were acquired within 3 hours of phalloidin treatment. Maximum 
intensity projections were created using ImageJ (Schneider et al., 2012). Microfilaments were 
measured using ImageJ for spatial skew and the ImageJ macro FibrilTool (Boudaoud et al., 
2014) for average fibril angle and anisotropy. Using the JMP statistical analysis platform, 
statistical differences between means were calculated for each condition using an all-against-all 
(p=0.05) Student’s t (JMP, 1989).  
 
4.6 Localization of Microtubules 
 Immunohistochemistry was performed with a modified procedure from Bannigan et al. 
(2006; Tobias Baskin, University of Massachusetts, Amherst, personal communication). As 
described in Section 4.2, three-day-old seedlings were transferred to plates containing either SM 
or SM-NaCl for 1 or 24 hours. For experiments with inhibitors, 3-day-old seedlings were 
transferred to SM-NaCl supplemented with 1 µM taxol or 2 µM propyzamide for 24 hours. 
Seedlings were fixed by flooding plates with 4% formaldehyde (Polysciences, Warrington, PA, 
Cat. No. 18814) in 50 mM PIPES and 1 mM CaCl2 for 2 hours at room temperature with gentle 
shaking. Fixative was removed and seedlings were rinsed 3 times with 50 mM PIPES, pH 7.0; 5 
mM EGTA; 2 mM MgSO4 for 10 minutes. Seedlings were transferred to wells of a cell culture 
plate and the cell wall was digested using 0.01% pectolyase from Aspergillus japonicus (Sigma-
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Aldrich, Cat. No. P3026) and 0.005% pectinase from Rhizopus sp. (Sigma) in 1X PBS for 20 
minutes with gentle shaking. Seedlings were rinsed in 50 mM PIPES pH 7.0 containing 10% 
glycerol, 0.2% Triton X-100, 5 mM EGTA, and 2 mM MgSO4. Seedlings were treated with cold 
(-20°C) methanol for 20 minutes followed by three 5 minute washes in 1X PBS. Primary 
antibody was monoclonal mouse anti-a-tubulin (1:1000; Sigma-Aldrich, Cat. No. T6074) and 
secondary antibody was Cy3-conjugated AffiniPure F(ab’)2 fragment Goat Anti-Mouse IgG 
(1:200; Jackson ImmunoResearch, West Grove, PA, Cat. No. 115-166-006). Antibodies were 
diluted in 1% bovine serum albumin (Sigma, Cat. No. 3803), 0.1% sodium azide, and 0.05% 
Tween 20 in 1X PBS. Antibody treatment was performed in a Petri dish with paraffin wax at the 
bottom as described in Section 4.5. A 50 µL drop of primary antibody was placed on the paraffin 
wax and seedling root tips were placed in the drop. Root tips were incubated in the primary 
antibody overnight, then rinsed three times, 10 minutes each, in ~ 3 mL 0.01% Tween 20 in 1X 
PBS in the well of a cell culture plate. Secondary antibody treatment (3 hr) and washes were 
performed as described in Section 4.5. Seedlings were transitioned into 100% glycerol by 
incubation in three intermediate glycerol concentrations (25%, 50%, and 80% glycerol in 1X 
PBS) for at least 30 minutes each. Cotyledons were removed with dissecting scissors and roots 
were mounted in 100% glycerol on microscope slides with #1.5 coverslips, then sealed with 
melted paraffin wax. Fluorescence was imaged on a LSM510 Meta laser scanning confocal 
microscope (Zeiss) using a HeNe 543 laser with 50% output. Samples were viewed with a 60X 
oil-immersion lens. Maximum intensity projections were used for analysis of microtubule arrays. 
Microtubule orientation was measured using ImageJ (Schneider et al., 2012). The length of each 
cell was measured (Figure 28, A), then five equally spaced points were marked to indicate sites 
of microtubule measurements (Figure 28, B). The angle defined by the left edge of the cell and 
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the nearest microtubule was recorded (Figure 28, C). Measurements of microtubule angle were 
grouped in 10° increments. Mean microtubule angle for each condition was calculated for each 
condition and statistically compared using an all-against-all Student’s t test (p=0.05) with JMP 




Figure 28. Measurement of microtubule angle relative to the plasma membrane. Measurements were 
made on images of immunodetected microtubules (A) Cell length (ℓ) measurement. (B) Total length was 
used to determine where to take five microtubule angle measurements (è). (C) Microtubule angle (theta) 








5.1 Difficulties in detecting microfilaments 
 Initially, microfilaments were to be localized in real time with a commonly used reporter 
line expressing actin binding domain 2 (ABD2) from fimbrin fused to two GFP sequences and 
under control of the constitutive 35S promoter in the configuration 35S::GFP:ABD2:GFP (Wang 
et al., 2008). In the wildtype background, this reporter worked well in our hands; however, in the 
a1rcn1 or c4 background, microfilaments could not be detected.  This result was puzzling because 
the lack of fluorescence appeared to be limited to the mutant seedling.  Based on 
immunodetection results with phalloidin (Figure 10), these mutants clearly contain intact 
microfilaments. At present, the reason for this anomaly is not known. 
 A second reporter line, LifeAct, was also investigated. LifeAct uses the first 17 amino 
acids of Actin Binding Protein 140 (ABP-140) conjugated to the Venus fluorophore and 
expressed under the 35S promoter to decorate microfilaments (Riedl et al., 2008; van der Honing 
et al., 2011). Unfortunately, the LifeAct-Venus lines showed high levels of gene silencing, even 
in wildtype plants, and the majority of root cells did not fluoresce. This may be due to use of the 
constitutive 35S promoter to express the reporter. Gene silencing has been observed in other 
lines that employ the use of the 35S promoter. In Arabidopsis, some transgenes driven by the 
35S promoter have been found to induce transcriptional silencing (Mlotshwa et al., 2010; 
Schubert et al., 2004). It is possible that using another promoter, such as a ubiquitin promoter, to 
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